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DESCRIPTION

INHIBITORS OF NITRIC OXIDE SYNTHASE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to the treatment of conditions involving
undesired or pathological levels of inducible nitric oxide synthase (INOS), e.g. septic shock or
neuroinflammatory diseases. In one important aspect, the invention relates to methods of
suppressing, inhibiting or preventing the accumulation of nitric-oxide induced cytotoxicity by
using inhibitors that block or suppress the induction of cytokines and/or inducible nitric oxide
synthase. Another aspect of the invention is the treatment of conditions involving undesired or
pathological levels of proinflammatory cytokines (i.e. TNF-a, IL-18, IL-2, IL-6, IL-8 and/or
IFN-y) and/or iNOS. One important aspect of the invention relates to methods of suppressing,
inhibiting, or preventing proinflammatory cytokines and/or iNOS induced or aggravated
disorders including conditions involving the detrimental effects of inflammation (e.g. disorders
such as lupus, rheumatoid arthritis, osteoarthritis, amyotrophic lateral sclerosis, and
autoimmune disorders; ischemia/reperfusion; neuroinflammatory conditions such as

Alzheimer's, stroke, multiple sclerosis, X-linked adrenoleukodystrophy; and the effects of
aging).

2, Description of Related Art
Nitric Oxide and Proinflammatory Cytokines

Nitric oxide (NO) is a potent pleiotropic mediator of physiological processes such as
smooth muscle relaxation, neuronal signaling, inhibition of platelet aggregation and regulation
of cell mediated toxicity. It is a diffusible free radical which plays many roles as an effector
molecule in diverse biological systems including neuronal messenger, vasodilation and
antimicrobial and antitumor activities (Nathan, 1992; Jaffrey er al., 1995). NO appears to have
both neurotoxic and neuroprotective effects and may have a role in the pathogenesis of stroke
and other neurodegenerative diseases and in demyelinating conditions (e.g., multiple sclerosis,
experimental allergic encephalopathy, X-adrenoleukodystrophy) and in ischemia and traumatic

injuries associated with infiltrating macrophages and the production of proinflamatory
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cytokines (Mitrovic et al., 1994; Bo et al, 1994; Merrill et al., 1993; Dawson eral., 1991,
Kopranski et al., 1993; Bonfoco et al., 1995). A number of pro-inflammatory cytokines and
endotoxin (bacterial lipopolysaccharide, LPS) also induce the expression of iNOS in a number
of cells, including macrophages, vascular smooth muscle cells, epithelial cells, fibroblasts, glial
cells, cardiac myocytes as well as vascular and non-vascular smooth muscle cells. Although
monocytes/macrophages are the primary source of iNOS in inflammation, LPS and other
cytokines induce a similar response in astrocytes and microglia (Hu ef al., 1995; Galea et al.,
1992).

During inflammation, reactive oxygen species (ROS) are generated by various cells
including activated phagocytic leukocytes; for example, during the neutrophil "respiratory
burst", superoxide anion is generated by the membrane-bound NADPH oxidase. ROS are also
believed to accumulate when tissues are subjected to inflammatory conditions including
ischemia followed by reperfusion. Superoxide is also produced under physiological conditions
and is kept in check by superoxide dismutates. Excessively produced superoxide overwhelms
the antioxidant capacity of the cell and reacts with NO to form peroxynitrite, ONOO’, which
may decay and give rise to hydroxyl radicals, OH (Marietta, M., 1989; Moncada ef al., 1989;
Saran et al., 1990; Beckman et al. 1990). NO, peroxynitrite and ‘OH are potentially toxic
molecules to cells including neurons and oligodendrocytes that may mediate toxicity through
modification of biomolecules including the formation of iron-NO complexes of iron containing
enzyme systems (Drapier ef al, 1988), oxidation of protein sulfhydryl groups (Radi et al.,
1991), nitration of proteins and nitrosylation of nucleic acids and DNA strand breaks
(Wink et al., 1991).

There is now substantial evidence that iNOS plays an important role in the pathogenesis
of a variety of diseases. In addition, it is now thought that excess NO production may be
involved in a number of conditions, including conditions that involve systemic hypotension
such as septic and toxic shock and therapy with certain cytokines. Circulatory shock of various
etiologies is associated with profound changes in the body's NO homeostasis. In animal models
of endotoxic shock, endotoxin produces an acute release of NO from the constitutive isoform of
nitric oxide synthase in the early phase, which is followed by induction of iNOS. NO derived
from macrophages, miéroglia and astrocytes has been implicated in the damage of myelin

produéing oligodendrocytes in demyelinating disorders like multiple sclerosis and neuronal
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death during neuronal degenerating conditions including brain trauma (Hueral, 1995;
Galea ef al., 1992; Koprowski ef al., 1993; Mitrovic et al., 1994; Bo et al., 1994; Merrill et al.,
1993).

NO is synthesized from L-arginine by the enzyme nitric oxide synthase (NOS) (Nathan,
1992). Nitric oxide synthases are classified into two groups. One type, constitutively expressed
(cNOS) in several cell types (e.g., neurons, endothelial cells), is regulated predominantly at the
post-transcriptional level by calmodulin in a calcium dependent manner (Nathan, 1992;
Jaffrey et al., 1995). In contrast, the inducible form (iNOS), synthesized de novo in response to
different stimuli in various cell types including macrophages, hepatocytes, myocytes,
neutrophils, endothelial and messangial cells, is independent of calcium. Astrocytes, the
predominant glial component of brain have also been shown to induce iNOS in response to
bacterial lipopolysaccharide (LPS) and a series of proinflammatory cytokines including
interleukin-1f (IL-1B), tumor necrosis factor-o (TNF-o), interferon-y (IFN-y) (Hu et al., 1995;
Galea et al., 1992).

Cytokines associated with extracellular signaling are involved in the normal process of
host defense against infections and injury, in mechanisms of autoimmunity and in the
pathogenesis of chronic inflammatory diseases. It is believed that nitric oxide (NO),
synthesized by nitric oxide synthetase (NOS) mediates deleterious effects of the cytokines
(Nathan, 1987; Zang et al., 1993; Kubes et al., 1991). For example, NO as a result of stimuli
by cytokines (e.g., TNF-a, IL-1 and interleukin-6 (IL-6) is implicated in autoimmune diseases
such as multiple sclerosis, rheumatoid arthritis, osteoarthritis (Zang et al., 1993,
McCartney—Francis et al., 1993). The NO produced by iNOS is associated with bactericidal
properties of macrophages (Nathan, 1992; Stuehr et al., 1989). Recently, an increasing number
of cells (including muscle cells, macrophages, keratinocytes, hepatocytes and brain cells) have
been shown to induce iNOS in response to a series of proinflammatory cytokines including
IL-1, TNF-a, interferon-y (IFN-y) and bacterial lipopolysaccharides (LPS) (Zang et al., 1993;
Busse er al., 1990; Genge et al., 1995).

Signal Transduction Pathways
Mevalonate metabolites, particularly farnesyl pyrophosphate (FPP), are involved in

post-translational modification of some G-proteins, including Ras (Goldstein et al., 1990;
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Casey et al., 1989). The inhibition of isoprenylation of Ras proteins by inhibitors of
mevalonate pathway and their membrane association and transduction of signal from Ras to
Raf/MAP kinase cascade (Kikuchi et al., 1994) indicates a role of mevalonate metabolites in
the transduction of signal from receptor tyrosine kinases to Raf/MAP kinase cascade. Two
enzymes that control the rate-limiting steps of the mevalonate pathway are
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, which catalyzes the
formation of mevalonate from acetyl-CoA, and mevalonate pyrophosphate decarboxylase,
which  controls the use of mevalonate within the cell by converting
3-phospho-5-pyrophospho-mevalonate to isopentenyl pyrophosphate. Lovastatin, a potent
inhibitor of HMG-CoA reductase, and sodium salt of phenylacetic acid (NaPA), an inhibitor of
mevalonate pyrophosphate decarboxylase, are known to reduce the level of cellular isoprenoids
(Castillo et al., 1991; Samid et al., 1994) and isoprenylated proteins (Repko and Maltese,
1989). No suppression of isoprenylated protein maturation in vitro by lovastatin treatment that
produced 50% inhibition of sterol biosynthesis has been observed (Sinensky et al., 1991). The
ICs for inhibition of sterol synthesis is 10 nM, whereas the ICy, for inhibition of conversion of
pro-p21™ to mature-p21™ is maximal at 2.6 pM (Sinensky eral., 1991).  The
pharmacologically attainable concentration for NaPA, however, is 1 to 5 mM (Thibault et al.,
1995). HMG-CoA reductase can also be inhibited by 5-amino 4-imidazolecarboxamide
ribotide (AICAR). AICAR stimulates AMP-activated protein kinase, an enzyme that inhibits
acetyl-CoA carboxylase and HMG-CoA reductase (Henin et al., 1995)

LPS is shown to bind cell-surface receptor CD14 (Stefanova ef al., 1993) and induce
INOS, probably via activation of NFkB (Xie ef al., 1994; Kwon er al., 1995). NFkB is an
ubiquitous multisubunit transcription factor that is activated in response to various stimuli
including cytokines TNF-o, IL-1, IL-2, IL-6, viruses, LPS, DNA damaging agents and phorbol
myristate acetate (PMA) (Schreck efal, 1992). Previous studies (Laweral, 1992)
demonstrating the inhibition of NF-kB activation by mevinolin and 5’-methylthioadenosine
indicates a role of protein farnesylation and carboxyl methylation reactions in the activation of
NF-kB. Identification of the binding site of NF-kf in the promoter region of the iNOS gene and
that the activation of NFkB in LPS-induced iNOS induction establishes a role of NFkB
activation in the induction of iNOS (Xie et al., 1994). Although the precise mechanism of

NFkp activation is not known at the present time, the inhibition of activation of NFkpB by
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inhibitors of tyrosine kinase and proteases indicates a role of phosphorylation and degradation
of Ik in this process (Menon et al., 1993; Henkel ez al., 1993).

Reactive oxygen (Schreck ef al., 1992) and reactive nitrogen (Lander et al., 1993)
species have been demonstrated to mediate the signal for NFkp activation. The differential
induction of NFkB by protein phosphatase inhibitors in primary and transformed cell lines also
indicates that induction of NFkp is dependent on the dual processes of cellular redox and
phosphorylation (Menon et al., 1993). The exact target of ROS that modulate cellular redox is
unknown, and the lack of induction in cells in which activity of p2lras was blocked through
expression of a dominant negative mutant or treatment with farnesyltransferase inhibitor
indicate that direct activation of p21ras may be the central mechanism by which redox stress

stimuli transmit its signal to the nucleus (Lander ef al., 1995).

Ceramide Production and Apoptosis

Cytokine-mediated ceramide production is implicated in apoptosis of different cells
including brain cells (Brugg et al., 1996; Wiesner and Dawson, 1996). Several studies support a
role for hydrolysis of sphingomyelin as a stress-activated signaling mechanism in which
ceramide plays a role in cell regulation, cell differentiation, growth suppression and apoptosis
in various cell types including glial and neuronal cells (Hannun and Bell, 1989; Hannun, 1994;
Kolesnick and Golde, 1994; Brugg et al., 1996; Wiesner and Dawson, 1996). Sphingomyelin is
preferentially concentrated in the outer leaflet of the plasma membrane of most mammalian
cells; it comprises sphingosine (a long chain sphingoid base backbone), a fatty acid, and a
phosphocholine head group. Ceramide is composed of a sphingoid base with a fatty acid in
amide linkage. Ceramide activates the proteases of the interleukin-converting enzyme (ICE)
family (especially prICE/YAMA/CPP32), the proteasc responsible for cleavage of
poly(A)DP-ribose polymerase (Martin et al., 1995), and that the activation of prICE by
ceramide and induction of apoptosis are inhibited by overexpression of Bcl-2 (Zhang et al.,
1996). Addition of exogenous ceramides or sphingomyelinase to cells induces stress-activated
protein kinase-dependent transcriptional activity through the activation of c-jun (Latinis and
Koretzky, 1996), and a dominant negative mutant of SEK1, the protein kinase responsible for
phosphorylation and activation of stress-activated protein kinase, interferes with

ceramide-induced apoptosis (Verheij ez al., 1996). These observations also indicate that both
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Bcl-2 and stress-activated protein kinase function downstream of ceramide in the apoptotic
pathway.

The signaling events in cytokine-mediated activation of sphingomyelin degradation to
ceramide are poorly understood. Since the discovery of the sphingomyelin cycle, several
inducers have been shown to be coupled to sphingomyelin-ceramide signaling events, including
la,25-dihydroxyvitamin Dj, radiation, antibody cross-linking, TNF-a, IFN-y, IL-1B, nerve
growth factor, and brefeldin A (Hannun and Bell, 1989; Hannun, 1994; Kolesnick and Golde,
1994; Zhang and Kolesnick, 1995; Kantey ef al., 1995; Linardic er al., 1996).

The sphingomyelin pathway-associated signal transduction pathway mediates the action
of several extracellular stimuli that lead to important biochemical and cellular effects (Zhang
and Kolesnick, 1995; Kantey ef al., 1995; Yao et al., 1995; Hannun, 1996; Lozano ef al., 1994).
In the case of TNF-a, the pathway is initiated by the action of TNF-o on its 55-kDa receptor,
leading to phospholipase A, activation, generation of arachidonic acid, and subsequent
activation of sphingomyelinase (Jayadev efal, 1994). This pathway is initiated by the
activation of two distinct forms of sphingomyelinase (SMase), a membrane-associated necutral
sphingomyelinase (Chatterjee, 1993) and an acidic sphingomyelinase (Spence, 1993), which
reside in the caveola and the endosomal-lysosomal compartment. Each type of SMase
hydrolyzes the phosphodiester bond of sphingomyelin to yield ceramide and phosphocholine.
Proinflammatory cytokines (tumor necrosis factor-o, TNF-o; interleukin-1p, IL-1p;
interferon-y, IFN-y) and bacterial lipopolysaccharides have been shown as potent inducers of
SMases. Ceramide has emerged as a second messenger molecule that is considered to mimic
most of the cellular effects of cytokines and lipopolysaccharide in terminal differentiation,
apoptosis, and cell cycle arrest (Zhang and Kolesnick, 1995; Kantey er al., 1995).

Sphingomyelin turnover and ceramide generation in response to TNF-a and IL-1B
occurs within minutes of stimulation; however, the sequence of events linking receptor
stimulation and SMase activation remains largely unknown (Hannun, 1996; Lozano et al.,
1994; Jayadev eral., 1994). In a number of cell systems, interaction of TNF-o with its
membrane receptors (p75 and p55) has been found to activate phospholipase A, and to induce
release of arachidonic acid from phosphatidylcholine and phosphatidylethanolamine pools. This
arachidonic acid has been shown as a mediator of sphingomyelin hydrolysis in response to

TNF-a (Jayadev et al., 1994). In addition, proteases have also been implicated in the pathway
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leading from TNF-oa to the activation of SMase (Hannun, 1996; Dbaio et al., 1997) recently.
On the other hand, IL-1B and TNF-a are known to induce the production of reactive oxygen
species, a class of highly diffusible and ubiquitous molecules, which have been suggested to act
as second messengers (Tikuetal, 1990; Lo and Cruz, 1995; Devary etal., 1991). ROS
encompassing species such as superoxide, hydrogen peroxide, and hydroxyl radicals are known
to regulate critical steps in the signal transduction cascade and many important cellular events
including protein phosphorylation, gene expression, transcription factor activation, DNA
synthesis, and cellular proliferation (Schreck et al., 1991; Sen and Packer, 1996). A recent
observation has shown that glutathione or similar molecules inhibit the activity of
magnesium-dependent neutral SMase iz vitro (Liu and Hannun, 1997). However, surprisingly,
the SH group of GSH was not required as S-methyl GSH and GSSG inhibited neutral SMase at
lower concentrations than GSH (Liu and Hannun, 1997). On the other hand, N-acetylcysteine
has also been found to inhibit the synthesis of ceramide in cultured rat hepatocytes through the

inhibition of dihydroceramide desaturase (Michel et al., 1997).

Inflammatory Diseases

NO generated by iNOS has been implicated in the pathogenesis of inflammatory
diseases. In experimental animals hypotension induced by LPS or TNF- alpha can be reversed
by NOS inhibitors and reinitiated by L-arginine (Kilbourn er al., 1990). Conditions which lead
to cytokine-induced hypotension include septic shock, hemodialysis (Beasley and Brenner,
1992) and IL-2 therapy in cancer patients (Hibbs et al., 1992). Studies in animal models have
suggested a role for NO in the pathogenesis of inflammation and pain and NOS inhibitors have
been shown to have beneficial effects on some aspects of the inflammation and tissue changes
seen in models of inflammatory bowel disease (Miller ef al., 1990) and cerebral ischemia and
arthritis (Ialenti et al., 1993; Stevanovic-Racic e al., 1994),

Inflammation, iNOS activity and/or cytokine production has been implicated in a
variety of diseases and conditions, including psoriasis (Ruzickaefal., 1994; Kolb-
Bachofen et al., 1994; Bull et al., 1994); uveitis (Mandia et al., 1994); type 1 diabetes (Eisieik
& Leijersfam, 1994; Kroncke et al., 1991; Welsh el at., 1991); septic shock (Petros et al., 1991;
Thiemermann & Vane, 1992; Evans et al., 1992; Schilling er al., 1993); pain (Moore ef al.,
1991; Moore et al, 1992; Meller et al., 1992; Lee et al., 1992); migraine (Olesen et al., 1994);
rheumatoid arthritis (Kaurs & Halliwell, 1994); osteoarthritis (Stadler er al., 1991);
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inflammatory bowel disease (Miller er al., 1993; Miller et al., 1993); asthma (Hamid et al.,
1993; Kharitonov et al., 1994); Koprowski et al., 1993); immune complex diseases
(Mulligan ef al., 1992); multiple sclerosis (Koprowski ez al., 1993); ischemic brain edema
(Nagafuji et al., 1992; Buisson et al., 1992; Trifiletti et al., 1992); toxic shock syndrome
(Zembowicz & Vane, 1992); heart failure (Winlaw et al., 1994); ulcerative colitis (Boughton-
Smith e al., 1993); atherosclerosis (White er al., 1994); glomerulonephritis (Muhl et al., 1994);
Paget's disease and osteoporosis (Lowick ef al., 1994); inflammatory sequelae of viral
infections (Koprowski et al., 1993); retinitis, (Goureau ef al., 1992); oxidant induced lung
injury (Berisha et al., 1994); eczema (Ruzica er al., 1994); acute allograft rejection (Devlin,
J. et al., 1994); and infection caused by invasive microorganisms which produce NO (Chen, Y
and Rosazza, J. P. N., 1994),

In the central nervous system, apoptosis may play an important pathogenetic role in
neurodegenerative diseases such as iscehmic injury and white matter diseases (Thompson,
1995; Bredesen, 1995). Both X-linked adrenoleukodystrophy (X-ALD) and multiple sclerosis
(MS) are demyelinating diseases with the involvement of proinflammatory cytokines in the
manifestation of white matter inflammation. The presence of immunoreactive tumor necrosis
factor a (TNF-«) and interleukin 1 (IL-1p) in astrocytes and microglia of X-ALD brain has
indicated the involvement of these cytokines in immunopathology of X-ALD and aligned
X-ALD with MS, the most common immune-mediated demyelinating disease of the CNS in
man (Powers, 1995; Powers et al., 1992; McGuinnes et al., 1995; McGuiness et al., 1997).
Severa! studies demonstrating the induction of proinflammatory cytokines at the protein or
mRNA level in cerebrospinal fluid and brain tissue of MS patients have established an
association of proinflammatory cytokines (TNF-a, IL-1B, IL-2, IL-6, and IFN-y) with the
inflammatory loci in MS (Maimone ef al., 1991; Tsukada et al., 1991; Rudick and Ransohoff,
1992).

X-linked adrenoleukodystrophy (X-ALD), an inherited, recessive peroxisomal disorder,
is characterized by progressive demyelination and adrenal insufficiency (Singh, 1997;
Moser ez al., 1984). It is the most common peroxisomal disorder affecting between 1/15,000 to
1/20,000 boys and manifests with different degrees of neurological disability. The onset of
childhood X-ALD, the 'major form of X-ALD, is between the age of 4 to 8 and then death
within the next 2 to 3 years. Although X-ALD presents as various clinical phenotypes,
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including childhood X-ALD, adrenomyeloneuropathy (AMN), and Addison's disease, all forms
of X-ALD are associated with the pathognomonic accumulation of saturated very long chain
fatty acids (VLCFA) (those with more than 22 carbon atoms) as a constituent of cholesterol
esters, phospholipids and gangliosides (Moser et al., 1984) and secondary neuroinflammatory
damage (Moser et al., 1995). The necrologic damage in X-linked adrenoleukodystrophy may be
médiated by the activation of astrocytes and the induction of proinflammatory cytokines. Due
to the presence of similar concentration of VLCFA in plasma and as well as in fibroblasts of
X-ALD, fibroblasts are generally used for both prenatal and postnatal diagnosis of the disease
(Singh, 1997; Moser et al., 1984).

The deficient activity for oxidation of lignoceroyl-CoA ligase as compared to the
normal oxidation of lignoceroyl-CoA in purified peroxisomes isolated from fibroblasts of
X-ALD indicated that the abnormality in the oxidation of VLCFA may be due to deficient
activity of lignoceroyl-CoA ligase required for the activation of lignoceric acid to
lignoceroyl-CoA (Hashmi et al., 1986; Lazo et al., 1988). While these metabolic studies
indicated lignoceroyl-CoA ligase gene as a X-ALD gene, positional cloning studies led to the
identification of a gene that encodes a protein (ALDP), with significant homology with the
ATP-binding cassette (ABC) of the super-family of transporters (Mosser ef al., 1993). The
normalization of fatty acids in X-ALD cells following transfection of the X-ALD gene
(Cartier et al., 1995) supports a role for ALDP in fatty acid metabolism; however, the precise
function of ALDP in the metabolism of VLCFA is not known at present.

Similar to other genetic diseases affecting the central nervous system, the gene therapy
in X-ALD does not seem to be a real option in the near future and in the absence of such a
treatment a number of therapeutic applications have been investigated (Singh, 1997; Moser,
1995). Adrenal insufficiency associated with X-ALD responds readily with steroid replacement
therapy, however, there is as yet no proven therapy for neurological disability (Moser, 1995).
Addition of monoenoic fatty acid (e.g., oleic acid) to cultured skin fibroblasts of X-ALD
patients causes a reduction of saturated VLCFA presumably by competition for the same chain
elongation enzyme (Moser, 1995). Treatment of X-ALD patients with trioleate resulted in 50%
reduction of VLCFA. Subsequent treatment of X-ALD patients with a mixture of trioleate and
trieruciate (popularly known as Lorenzo's oil) also led to a decrease in plasma levels of VLCFA

(Moser, 1995; Rizzo ef al., 1986; Rizzo er al., 1989). Unfortunately, the clinical efficacy has
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been unsatisfactory since no proof of favorable effects has been observed by attenuation of the
myelinolytic inflammation in X-ALD patients (Moser, 1995). Moreover, the exogenous
addition of unsaturated VLCFA induces the production of superoxide, a highly reactive oxygen
radical, by human neutrophils (Hardy et al., 1994). Since cerebral demyelination of X-ALD is
associated with a large infiltration of phagocytic cells to the site of the lesion (Powers et al.,
1992), treatment with unsaturated fatty acids may even be toxic to X-ALD patients. Bone
marrow therapy also appears to be of only limited value because of the complexicity of the
protocol and of insignificant efficacy in improving the clinical status of the patient (Moser,
1995).

Experimental allergic encephalomyelitis (EAE) is an inflammatory demyelinating
disease of the central nervous system (CNS) that serves as a model for the human
demyelinating disease, multiple sclerosis (MS). Studies have shown that the majority of the
inflammatory cells constitute of T-lymphocytes and macrophages (Merrill and Benveniste,
1996). These effector cells and astrocytes have been implicated in the disease pathogenesis by
secreting number of molecules that act as inflammatory mediators and/or tissue damaging
agents such as nitric oxide (NO). NO is a molecule with beneficial as well as detrimental
effects. In neuroinflammatory diseases like EAE, high amounts of NO produced for longer
durations by inducible nitric oxide synthase (INOS) acts as a cytotoxic agent towards neuronal
cells. Previous studies have shown NO by itself or it's reactive product (ONOQO") may be
responsible for death of oligodendrocytes, the myelin producing cells of the CNS, and resulting
in demyelination in the neuroinflammatory disease processes (Merrill et al., 1993;
Mitrovic et al., 1994).

Infiltrating T-lymphocytes in EAE produce pro-inflammatory cytokines such as IL-12,
TNF-a and IFN-y (Merrill and Benveniste, 1996). In addition to T-cells and macrophages,
astrocytes have also been shown to produce TNF-a (Shafer and Murphy, 1997). Convincing
evidence exists to support a role for both TNF-o. and IFN-y in the pathogenesis of EAE
(Taupin et al., 1997; Villarroyaet al., 1996; Issazadeh et al., 1995). Investigations with
antibodies against TNF-a have shown that in mice these antibodies protect against active and
adaptively transferred EAE disease (Klinkert ez al., 1997). The expression of TNF-a and IFN-y
during EAE disease could result in the upregulation of iNOS in macrophage and astrocytes

because TNF-a and IFN-y have been shown to be potent inducers of iNOS in macrophages and
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astrocytes in culture (Xie ef al., 1994). This induction of iNOS could result in the production of
NO, which if produced in large amounts may lead to cytotoxic effects. Peroxynitrite (ONOO")
has been identified in both MS and EAE CNS (Hooper et al., 1997; van der Veen et al., 1997).
The role of peroxynitrite in the pathogenesis of EAE is supported by the beneficial effects of
uric acid, a peroxynitrite scavenger, against EAE and by a subsequent survey documenting that
MS patients had significantly lower serum uric acid levels than those of controls (Hooper et al.,
1998). However, aggravation of EAE by inhibitors of NOS activity (Ruuls ef al., 1996) and in
an animal model of iNOS gene knockout (F enyk-Melody ef al., 1998) indicate that NO may not
be the only pathological mediator in EAE disease process. In addition to NO other free radicals
such as reactive oxygen intermediates (O,", H,0,, and OH)) can also be stimulated by cytokines
(Merrill and Benveniste, 1996). Reactive oxygen intermediates (ROI) and NO are believed to
be key mediators of pathophysiological changes that take place during inflammatory disease
process. ROI's such as superoxide anion, hydroxy radicals and hydrogen peroxide can also be
stimulated by TNF-o (Merrill and Benveniste, 1996). Therefore, it is likely that both the direct
modulation of cellular functions by proinflammatory cytokines and toxicity of the ROI and
reactive nitrogen species may play a role in the pathogenesis of EAE disease.

Several studies on protein and/or mRNA levels in plasma, cerebrospinal fluid (CSF),
brain tissue, and cultured blood leukocytes from MS patients have established an association of
proinflammatory cytokines (TNF-o, IL-1 and IFN-y) with MS (Taupinetal., 1997,
Villarroya et al., 1996; Issazadch et al., 1995). The mRNA for iNOS has also been detectable in
both MS as well as EAE brains (Bagasra ez al., 1995; Koprowski et al., 1993). Semiquantitative
RT-PCR™ for iNOS mRNA in MS brains shows markedly higher expression of iNOS mRNA
in MS brains than control brains (Bagasra et al., 1995). Analysis of CSF from MS patients has
also shown increased levels of nitrite and nitrate compared with normal control (Merrill and
Benveniste, 1996). Peroxynitrite, ONOO- is a strong nitrosating agent capable of nitrosating
tyrosine residues of proteins to nitrotyrosine. Increased levels of nitrotyrosine have been found
in demyelinating lesions of MS brains as well as spinal cords of mice with EAE (Hooper et al.,
1998; Hooper et al., 1997). A strong correlation exists between CSF levels of cytokines,
disruption of blood-brain barrier, and high levels of circulating cytokines in MS patients
(Villarroya et al., 1996; Issazadeh et al., 1995). Increase in TNF-o, and IFN-y levels seems to

predict relapse in MS and the number of circulating IFN-y positive blood cells correlates with
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severity of disability. These observations support the view that in both MS and EAE, induction
of proinflammatory cytokines and production of NO through iNOS play roles in the
pathogenesis of these diseases.

Alzheimer 's disease (AD) is the most common degenerative dementia affecting
primarily the elderly population. The disease is characterized by the decline of multiple
cognitive functiornis and a progressive loss of neurons in the central nervous system. Deposition
of beta-amyloid peptide has also been associated with AD. Over the last decade, a number of
investigators have noted that AD brains contain many of the classical markers of immune
mediated damage. These include elevated numbers of microglia cells, which are believed to be
an endogenous CNS form of the peripheral macrophage, and astrocytes. Of particular
importance, complement proteins have been immunohistochemically detected in the AD brain
and they most often appear associated with beta-amyloid containing pathological structures
known as senile plaques (Rogers et al., 1992; Haga er al., 1993).

These initial observations which suggest the existence of an inflammatory component in
the neurodegeneration observed in AD has been extended to the clinic. A small clinical study
using the nonsteroidal anti-inflammatory drug, indomethacin, indicated that indomethacin
significantly slowed the progression of the disease (N eurology, 43(8):1609 (1993)). In addition,
a study examining age of onset among 50 elderly twin pairs with onsets of AD separated by
three or more years, suggested that anti-inflammatory drugs may prevent or delay the initial
onset of AD symptoms (Neurology, 44:227 (1994)).

Over the years numerous therapies have been tested for the possible beneficial effects
against EAE or MS disease but with mixed results (Cross et al., 1994; Ruuls et al., 1996).
Though aminoguandine (AG) has been described as a competitive inhibitor of iNOS and a
suppressor of its expression (Corbett and McDaniel, 1996; Joshi et al., 1996), to date few
compounds which inhibit iNOS are of potential therapeutic value have been identified. This
deficiency is particularly troubling given the significant cellular damage which can arise as a
result of iNOS-mediated nitric oxide toxicity, especially in chronic inflammatory disease states.
There is a present need for therapeutic agents which will inhibit or even prevent cytotoxic
concentrations of NO from occurring in individuals suffering from diseases and conditions to

which NO toxicity or an undesired production of proinflammatory cytokines is linked.
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SUMMARY OF THE INVENTION

The invention generally provides methods of treating nitric oxide (NO) cytotoxicity
comprising providing a biologically effective amount of an inducible nitric oxide synthase
(iNOS) and/or proinflammatory cytokine induction suppressor and/or inhibitor. The invention
provides a solution to the cytotoxicity induced or fostered by the presence of NO and/or
proinflammatory cytokines which is observed in individuals suffering from autoimmune or
inflammatory diseases, including stroke, neurodegenerative diseases, demyelinating conditions
(e-g., multiple sclerosis, experimental allergic encephalopathy, X-adrenoleukodystrophy), brain
trauma, ischemia-reperfusion, Alzheimer's disease, aging, Landry-Guiliain-Barre-Strohl
syndrome, rheumatoid arthritis, endotoxic shock, myocardial infarction, tissue injury or
HIV-mediated NO neurotoxicity.

The invention first provides a method for suppressing the induction of inducible nitric
oxide synthase and/or proinflammatory cytokines in a cell comprising contacting said cell with
an effective amount of at least one induction suppressor and/or inhibitor of inducible nitric
oxide synthase. Preferred cells throughout the various embodiments of the invention are
lymphocytes, macrophages, endothelial cells, astrocytes, masengial cells, myocytes, Kuffer
cells, epithelial cells, microglia, oligodendrocytes and neurons. Proinflammatory cytokines that
are preferred include TNF-o, IL-1B, IL-2, IL-6, IL.-8 and IFN-y. As used herein certain
embodiments "induction" may mean an increase in the overall rate of gene transcription and/or

translation. Induction may also mean that the rate of gene message or protein product

destruction is decreased, producing a net increase in the amount of a message or translated

protein. As used herein certain embodiments, the phrase “inhibition of nitric oxide
cytotoxicity” denotes any measurable decrease in the production of NO. Inhibition of nitric
oxide cytotoxicity includes inhibition of iNOS activity, production of iNOS protein, production
or translation of iNOS mRNA, inhibition of LPS- or cytokine-induced NF-kB activation in a
cell. As used herein certain embodiments, "inhibitors" refers to such compounds or agents that
produce any measurable decrease in the activity, production, or secretion of a protein or
biological compound, or the translation of mRNA, in, or in the case of secretion, from, a cell.
Proteins and biological compounds that are specifically contemplated in the invention include
iNOS and proinflammatory cytokines. As used herein certain embodiments, a "enhancer" or

"stimulator" refers to such compounds or agents that produce any measurable increase in the
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activity, production, or secretion of a protein or biological compound, or the translation of
mRNA, in, or in the case of secretion, from, a cell. As used herein certain embodiments, an
"inducer" refers to such compounds or agents that produce any measurable increase in the
content, production, translation, or secretion of a protein or biological compound, or the
translation of mRNA, in, or in the case of secretion, from, a cell. As used herein certain
embodiments, "a suppressor" refers to an agent or compound that produces any measurable
reduction in the induction of a gene. Thus, a "suppressor” is a type of "inhibitor", that acts
reduce the net rate of transcription or translation of a target gene.

In preferred aspects of the invention, the induction suppressor and/or inhibitor of
inducible nitric oxide synthase and/or proinflammatory cytokines may be selected from the
group including, but not limited to, lovastatin, mevastatin, FPT inhibitor I1, forskolin, rolipram,
phenylacetate (NaPA), N-acetyl cysteine (NAC), pyrolidine dithiocarbamate (PDTC),
4-phenylbutyrate (4PBA), 5-aminoimmidazole-4-carboxamide ribonucleoside (AICAR),
theophylline, papaverine, cAMP, 8-bromo-cAMP, (S8)-cAMP, and salts, analogs, or derivatives
thereof.

In some embodiments, the induction suppressor and/or inhibitor of inducible nitric
oxide synthase and/or proinflammatory cytokines may be an inhibitor of the Ras/Raf/MAP
kinase pathway. In certain embodiments the induction suppressor and/or inhibitor of inducible
nitric oxide synthase and/or proinflammatory cytokines may be an inhibitor of NF -kB, such as
for example an inhibitor of NF-kB activation, and/or a suppressor of its induction. In certain
preferred embodiments the inhibitor of NF-kB activation includes, but is not limited to,
lovastatin, NaPA, metastatin, 4-phenylbutyrate, FPT inhibitor II, AICAR and salts, analogs, or
derivatives thereof. In some embodiments, the induction suppressor and/or inhibitor of
inducible nitric oxide synthase and/or proinflammatory cytokines may be an inhibitor of
mevalonate synthesis. In certain embodiments the inhibitor of mevalonate synthesis may be an
inhibitor of the farnasylation of a protein. In certain preferred embodiments the inhibitor of
mevalonate synthesis may be an inhibitor of HMG-CoA reductase and/or suppressor of its
induction, including but not limited to, lovastatin or AICAR and salts, analogs, or derivatives
thereof. In certain preferred embodiments the inhibitor of HMG-CoA reductase is a stimulator
of AMP-activated protein kinase, including but not limited to, AICAR and salts, analogs, or

derivatives thereof. In certain embodiments, the induction suppressor and/or inhibitor of
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inducible nitric oxide synthase and/or proinflammatory cytokines may be a stimulator of
AMP-activated protein kinase. In certain other preferred embodiments the inhibitor of of
inducible nitric oxide synthase and/or proinflammatory cytokines may be an inhibitor of
mevalonate pyrophosphate decarboxylase and/or suppressor of its induction, including but not
limited to, phenylacetic acid, 4-phenylbutyrate and salts, analogs, or derivatives thereof. In
certain preferred embodiments the inhibitor of mevalonate synthesis may be lovastatin,
mevastatin, NaPA, AICAR, 4-phenylbutyrate and salts, analogs, or derivatives thereof. In
certain aspects embodiments the inhibitor of of inducible nitric oxide synthase and/or
proinflammatory cytokines is an inhibitor of farnesyl pyrophosphate. Preferred inhibitors of
farnesyl pyrophosphate include, but are not limited to 4-phenylbutyrate or NaPA.

In other embodiments the suppressor of inducible nitric oxide synthase and/or
proinflammatory cytokines is an antioxidant. In preferred embodiments the antioxidant may
be, but is not limited to, N-acetyl cysteine, PDTC, and salts, analogs, or derivatives thereof.

In certain other embodiments the inducible nitric oxide synthase and/or
proinflammatory cytokines induction suppressor and/or inhibitor is an enhancer of intracellular
cAMP, inhibitor of the Ras/Raf/MAP kinase pathway, and/or inhibitor of NF-kB, NF-kB
activation and/or suppressor of NF-kB induction. In a preferred embodiment, the inhibitor of
the Ras/Raf/MAP kinase pathway includes, but is not limited to, AICAR and salts, analogs, or
derivatives thereof. The enhancer of intracellular cAMP may be an inhibitdr of cAMP
phosphodiesterase and/or suppressor of its induction. In preferred aspects of the invention, the
inhibitor of cAMP phosphodiesterase may be, but is not limited to, rolipram and salts, analogs,
or derivatives thereof. In certain other aspects of the invention, the induction suppressor and/or
mnhibitor of inducible nitric oxide synthase and/or proinflammatory cytokines is cAMP and
salts, analogs, or derivatives thereof. Derivatives of cAMP include, but are not limited to,
8-bromo-cAMP or (S)-cAMP. In other aspects of the invention, the enhancer of intracellular
cAMP may be, but is not limited to, forskolin, rolipram, 8-bromo-cAMP, theophylline,
papaverine, cAMP and salts, analogs, or derivatives thereof. In certain embodiments, the
induction suppressor and/or inhibitor of inducible nitric oxide synthase and/or proinflammatory
cytokines may be a enhancer of protein kinase A. In other aspects of the invention, the
enhancer of protein kinase A méy include, but is not limited to, forskolin, rolipram,

8-bromo-cAMP, (S)-cAMP, cAMP and salts, analogs, or derivatives thereof. may be, but is not
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limited to, forskolin, rolipram, 8-bromo-cAMP, theophylline, papaverine, cAMP and salts,
analogs, or derivatives thereof.

In yet another aspect of the invention, the induction suppressor and/or inhibitor of
inducible nitric oxide synthase and/or proinflammatory cytokines may be a Ras farnesyl protein
transferase inhibitor and/or induction suppressor, an inhibitor of the farnasylation of Ras, and/or
an activator of G-proteins. In a preferred embodiment, the Ras farnesyl protein transferase
inhibitor and/or induction suppressor includes, but is not limited to, a FPT inhibitor and salts,
analogs, or derivatives thereof. In a preferred embodiment, the inhibitor of the farnasylation of
Ras, includes, but is not limited to, a FPT inhibitor II and salts, analogs, or derivatives thereof.

In one embodiment of the invention, the inducible nitric oxide synthase and/or
proinflammatory cytokines inhibitor and/or induction suppressor is selected from the group
consisting of lovastatin, mevastatin, FPT inhibitor II, forskolin, rolipram, phenylacetate
(NaPA), N-acetyl cysteine (NACO), PDTC, 4-phenylbutyrate (4PBA),
S-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,
8-bromo-cAMP, (S)-cAMP, and salts, analogs, or derivatives thereof. In a further embodiment
of the invention, combinations of two or more inhibitors and/or induction SUppressors are
preferred for use in the methods described herein.

A "salt" is understood herein certain embodiments to mean a compound formed by the
interaction of an acid and a base, the hydrogen atoms of the acid being replaced by the positive
ion of the base. Salts, within the scope of this invention, include both the organic and inorganic
types ond include, but are not limited to, the salts formed with ammonia, organic amines, alkali
metal hydroxides, alkali metal carbonates, alkali metal bicarbonates, alkali metal hydrides,
alkali metal alkoxides, alkaline earth metal hydroxides, alkaline earth metal carbonates, alkaline
earth metal hydrides and alkaline earth metal alkoxides. Representative examples of bases that
form such base salts include ammonia, primary amines such as n-propylamine, n-butylamine,
aniline, cyclohexylamine, benzylamine, p-toluidine, ethanolamine and glucamine; secondary
amines such as diethylamine, diethanolamine, N-methylglucamine, N-methylaniline,
morpholine, pyrrolidine and piperidine; tertiary amines such as triethylamine, triethanolamine,
N,N-dimethylaniline, N-ethylpiperidine and N-methylmorpholine; hydroxides such as sodium
hydroxide; alkoxides such as sodium ethoxide and potassium methoxide; hydrides such as

calcium hydride and sodium hydride; and carbonates such as potassium carbonate and sodium
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carbonate. Preferred salts are those of sodium, potassium, ammonium, ethanolamine,
diethanolamine and triethanolamine. Particularly preferred are the sodium salts.

As used herein, "derivatives" refers to chemically modified inhibitors or stimulators that
still retain the desired effects on property(s) of iNOS or pro inflammatory gene, protein, and/or
activity induction or suppression. Derivatives may also retain other desired properties described
hefein, such as suppressing the accumulation of very long chain fatty acids, defined herein as
fatty acids with more than 22 carbon atoms. Such derivatives may have the addition, removal,
or substitution of one or more chemical moieties on the parent molecule. Such moieties may
include, but are not limited to, an element such as a hydrogen or a halide, or a molecular group
such as a methyl group. Such a derivative may be prepared by any method known to those of
skill in the art. The properties of such derivatives may be assayed for their desired properties by
any means described herein or known to those of skill in the art.

As used herein, "analogs" include structural equivalents or mimetics, described further
in the detailed description.

In administering the inducible nitric oxide synthase and/or proinflammatory cytokines
inhibitors and/or induction suppressors to a mammal, preferably a human, pig, cats, dogs,
rodent, or cattle including but not limited to, sheep, goats and cows, the inhibitor is formulated
in a pharmaceutically acceptable vehicle. The induction suppressor and/or inhibitor may be
administered to a patient in a dose therapeutic to treat a diseases, conditions and disorders
where there is an advantage in inhibiting the nitric oxide synthase enzyme and/or the
production of proinflammatory cytokines.

7 A "patient", as used herein, may be an animal. Preferred animals are mammals,
including but not limited to humans, pigs, cats, dogs, rodents, or cattle including but not limited
to, sheep, goats and cows. Preferred patients are humans.

The induction suppressors, also known as "suppressing agents", and/or inhibitors of
iNOS and/or proinflammatory cytokines, in pure form or in a pharmaceutically acceptable
carrier, will find benefit in treating conditions and disorders, described below, where there is an
advantage in inhibiting and/or suppression the induction of proinflammatory cytokines and/or
the inducible isoform of nitric oxide synthase enzyme. These induction suppressors and/or
inhibitors may also be used to treat conditions and disorders created, induced, enhanced and/or

aggravated by the contact of a cell with bacterial endotoxin (LP S).
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For example, the suppressing agents and/or inhibitors may be used to treat circulatory
shock including its various aspects such as vascular and myocardial dysfunction, metabolic
failure including the inhibition of mitochondrial enzymes and cytochrome P450-mediated drug
metabolism, and multiple organ dysfunction syndrome including adult respiratory distress
syndrome. Hypotension and/or circulatory shock may be a result of gram-negative and gram
positive sepsis (a.k.a. septic shock), toxic shock, trauma, hemorrhage, burn injury. anaphylaxis,
cytokine immunotherapy, liver failure, kidney failure or systemic inflammatory response
syndrome. Suppressing agents and/or inhibitors also may be beneficial for patients receiving
therapy, including cancer therapy, with cytokines such as TNF-a., IL-1 B, IL-2, IL-6, IL-8 and/or
IFN-y, or therapy with cytokine-inducing agents, or as an adjuvant to short term
immunosuppression in transplant therapy. In addition, the suppressing agents and/or inhibitors
may be useful to inhibit NO synthesis in patients suffering from inflammatory conditions in
which an excess of NO contributes to the pathophysiology of the condition, such as adult
respiratory distress syndrome (ARDS) and myocarditis, for example.

There is also evidence that an NO synthase enzyme and/or proinflammatory cytokines
may be involved in the pathophysiology of autoimmune and/or inflammatory conditions such
as arthritis, rheumatoid arthritis and systemic lupus erythematosus (SLE) and in insulin-
dependent diabetes, mellitus type 1 diabetes, and therefore, the suppressing agents may prove
helpful in treating these conditions.

Furthermore, it is now clear that there are a number of additional inflammatory and
noninflammatory diseases and/conditions that are associated with NO overproduction.
Examples of such physiological disorders include: inflammatory bowel diseases such as ileitis,
ulcerative colitis and Crohn's disease; inflammatory lung disorders such as asthma, bronchitis,
oxidant-induced lung injury and chronic obstructive airway disease; inflammatory disorders of
the eye including corneal dystrophy, ocular hypertension, trachoma, onchocerciasis, retinitis,
uveitis, sympathetic ophthalmitis and endophthalmitis; chronic inflammatory disorders of the
gum including periodontitis; chronic inflammatory disorders of the joints including arthritis,
septic arthritis and osteoarthritis, tuberculosis, leprosy, glomerulonephritis sarcoid, and
nephrosis; disorders of the skin including sclerodermatitis, sunburn, psoriasis and eczema;
inflammatory diseases of the central nervous system, including amyotrophic lateral sclerosis,

chronic demyelinating diseases such as multiple sclerosis, dementia including AIDS-related
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neurodegeneration and Alzheimer's disease, encephalomyelitis and viral or autoimmune
encephalitis; autoimmune diseases including immune-complex vasculitis, systemic lupus and
erythematosis; and disease of the heart including ischemic heart disease, heart failure and
cardiomyopathy. Additional disease that may benefit from the use of suppressing agents include
adrenal insufficiency; hypercholesterolemia; atherosclerosis; bone disease associated with
increased bone resorption, e.g., osteoporosis, pre-eclampsia, eclampsia, uremic complications;
chronic liver failure, noninflammatory diseases of the central nervous system (CNS) including
stroke and cerebral ischemia; and other disorders associated with inflammation and
undersirable production of nitric oxide and/or proinflamatory cytokines such as cystic fibrosis,
tuberculosis, cachexia, ischeimia/reperfusion, hemodialysis related conditions,
glomerulonephritis, restenosis, inflammatory sequelae of viral infections, hypoxia, hyperbaric
oxygen convulsions and toxicity, dementia, Sydenham's chorea, Parkinson's disease,
Huntington's disease, amyotrophic lateral sclerosis (ALS), multiple sclerosis, epilepsy,
Korsakoff's disease, imbecility related to cerebral vessel disorder, NO mediated cerebral trauma
and related sequelae, ischemic brain edema (stroke), pain, migraine, emesis, immune complex
disease, as immunosupressive agents, acute allograft rejection, infections caused by invasive
microorganisms which produce NO and for preventing or reversing tolerance to opiates and
diazepines, aging, and various forms of cancer. All these nitric oxide and/or proinflammatory
cytokine and/or endotoxin induced, mediated, enhanced, and/or aggravated d.iseases and
disorders are contemplated as being treatable in a cell by contacting the cell with at least onc
suppressing agent and/or inhibitor of iNOS and/or proinflammatory cytokines. A patient with
may also be treated by administering at least one suppressing agent and/or inhibitor of iNOS
and/or proinflammatory cytokines. When administered to a patient, the at least one suppressing
agent and/or inhibitor is formulated in a pharmaceutically acceptable vehicle.

In another aspect the present invention provides a method of identifying, or screening
for, a candidate inducible nitric oxide synthase and/or proinflammatory cytokines inhibitor
and/or induction suppressor, comprising preparing a cell capable of producing inducible nitric
oxide synthase and/or proinflammatory cytokines activity and testing the candidate inhibitor
and/or induction suppressor for the ability to inhibit the inducible nitric oxide synthase and/or
proinflammatory cytokines activity, wherein the inhibition is indicative of a candidate inducible

nitric oxide synthase and/or proinflammatory cytokines inhibitor and/or induction SUppressor.
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These candidate inhibitor and/or induction suppressor are known herein as "candidate
substances". A further aspect of this method is to identify an iNOS specific inhibitor and/or
induction suppressor that does not inhibit or suppress one or more proinflammatory cytokines.
Another aspect of this invention is to identify an inhibitor and/or induction suppressor that does
not inhibit or suppress iNOS, but does inhibit or suppress one or more proinflammatory
cytokines.

This method of identifying a candidate inducible nitric oxide synthase and/or
proinflammatory cytokines induction suppressor and/or inhibitor comprising the steps of a)
obtaining a cell comprising at least the capability of producing inducible nitric oxide synthase
and/or proinflammatory cytokines activity; b) obtaining a candidate inducible nitric oxide
synthase and/or proinflammatory cytokines induction suppressor and/or inhibitor; ¢) contacting
the cell with the candidate inducible nitric oxide synthase and/or proinflammatory cytokines
induction suppressor and/or inhibitor under conditions normally inducing, enhancing, and/or
stimulating iNOS and/or proinflammatory cytokines; and d) determining the ability of the
candidate inducible nitric oxide synthase and/or proinflammatory cytokines induction
suppressor and/or inhibitor to inhibit the formation of nitric oxide in the presence of inducible
nitric oxide synthase, wherein the inhibition of the formation of nitric oxide in the presence of
inducible nitric oxide synthase is indicative of a candidate inducible nitric oxide synthase
induction suppressor and/or inhibitor. In an aspect of the invention, decreased content or
production of at least one proinflammatory cytokine by a cell is indicative of a candidate
proinflammatory cytokine induction suppressor. In another aspect of the invention, decreased
bioactivity of at least one proinflammatory cytokine is indicative of a candidate
proinflammatory cytokine inhibitor and/or induction suppressor. In further aspects of this
method, an induction suppressor and/or inhibitor is further identified by detecting the amount of
iNOS and/or proinflammatory cytokine mRNA message and/or protein content and/or
biological activity. In additional aspects of the invention, an induction suppressor and/or
inhibitor is further identified by comparing the amount of iNOS and/or proinflammatory
cytokine mRNA message and/or protein content and/or biological activity to another cell under
conditions normally inducing, enhancing, and/or stimulating iNOS and/or proinflammatory
cytokines in the absense of the candidate inhibitor and/or induction suppressor. The preferred

conditions inducing, enhancing, and/or stimulating iNOS and/or proinflammatory cytokines is
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contacting a cell with endotoxin and/or at least one cytokine and/or at least one inducer or
stimulator of at least one proinflammatory cytokine. Preferred cytokines are proinflammatory
cytokines.

In preferred embodiments, a candidate induction suppressor and/or inhibitor of
inducible nitric oxide synthase and/or proinflammatory cytokines is selected from agents that
have certain traits or modes of action common to those of the suppressors and/or inhibitors
identified herein. Preferred candidate substances would either inhibit the Ras/Raf/MAP kinase
pathway, inhibit and/or suppress the induction and/or activation of NF-kB, inhibit mevalonate
synthesis, be an enhancer of protein kinase A, and/or inhibit the farnasylation of proteins,
including but not limited to Ras. In certain embodiments the inhibitor of mevalonate synthesis
may be an inhibitor of HMG-CoA reductase or suppressor of its induction. In certain aspects
the inhibitor of HMG-CoA reductase is a stimulator of AMP-activated protein kinase. In
certain other embodiments the inhibitor of of inducible nitric oxide synthase and/or
proinflammatory cytokines may be an inhibitor of mevalonate pyrophosphate decarboxylase or
suppressor of its induction. In other embodiments the candidate substance is an antioxidant.
In other embodiments the candidate substance is an enhancer of intracellular cAMP. The
enhancer of intracellular cAMP may be an inhibitor of cAMP phosphodiesterase and/or
suppressor of its induction. In other embodiments the candidate substance is a farnesyl protein
transferase inhibitor and/or induction suppressor.

Proinflammatory cytokine and/or iNOS RNA message, protein content, or activity can

be detected by any method described herein or known to those of skill in the art (see for

'example, Sambrook et al., 1989), and include but are not limited to Northern analysis of iNOS

and/or inflammatory cytokine message, PCRTM amplification of target message,
immunodetection techniques including Western analysis of iNOS and/or proinflammatory
cytokine content or production, and chemical or biological activity assays for iNOS or cytokine
activity.

Candidate inhibitors and/or induction suppressors identified by the method of the
invention are preferably purified. When administered to a mammal, the purified candidate
inducible nitric oxide synthase inhibitor and/or induction suppressor is formulated in a

pharmaceutically acceptable vehicle.
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In another preferred embodiment, the invention provides a method of inhibiting nitric
oxide cytotoxicity comprising contacting a cell capable of producing nitric oxide with a
biologically effective amount of at least one inducible nitric oxide synthase induction
suppressor and/or inhibitor identified by the screening assay of the invention. In preferred
embodiments, the cell is in a patient.

In another preferred embodiment, the invention provides a method of inhibiting
proinflammatory cytokine or endotoxin treated, induced or aggravated conditions and disorders,
where there is an advantage in inhibiting and/or suppression the induction of proinflammatory
cytokines. In certain embodiments, the method comprises contacting a cell with a biologically
effective amount of at least one induction suppressor and/or inhibitor of: at least one
proinflammatory cytokine and/or iNOS. In certain aspects of the invention, the at least one
induction suppressor and/or inhibitor is identified by the screening assay of the invention. In
preferred embodiments, the cell is in a patient.

The invention also provides a method of suppressing the accumulation of very long
chain fatty acids in a cell, by contacting the cell with a biologically effective amount of at least
induction suppressor and/or inhibitor of: inducible nitric oxide synthase and/or at least one
proinflammatory cytokine. In certain aspects of the invention, the at least one induction
suppressor and/or inhibitor is identified by the screening assay of the invention. In preferred
embodiments, the cell is in a patient. Such methods have use in inflammatory conditions
including, but not limited to, demylenating diseases or neural trauma, and particularly in
treating patients with X-ALD. In certain aspects of the invention, lignoceric acid B-oxidation is
stimulated. In other aspects of the invention, the ratios of Co6.0/Caz.0 O Cuy.¢/Coy. fatty acids
are lowered.

The invention provides a method of treating a nitric oxide and/or cytokine mediated
disorder in a cell, by contacting the cell with a biologically effective amount of at least one
induction suppressor and/or inhibitor of: inducible nitric oxide synthase and/or at least one
proinflammatory cytokine. In certain aspects of the invention, the at least one induction
suppressor and/or inhibitor is identified by the screening assay of the invention. In preferred
embodiments, the cell is in a patient. In preferred aspects, the disorder is X-ALD, multiple
sclerosis, Alzheimer's disease, amyotrophic lateral sclerosis, lupus, septic shock, stroke,

ischemia/reperfusion, rheumatoid arthritis, osteoarthritis or aging. In other preferred aspects,
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the nitric oxide or cytokine mediated disorder is myelinolytic inflammation, a demyelinating
condition or an inflammatory demyelinating disease, or a neuroinflammatory disease. The
inflammatory disease is preferably X-ALD, multiple sclerosis, Landry-Guillain-Barre-Strohl
syndrome, Alzheimer's disease and/or aging.

In another preferred embodiment, the invention provides a method of treating septic
shock comprising contacting a cell capable of producing excess nitric oxide and/or at least one
proinflammatory cytokine under conditions of septic shock with a biologically effective amount
of an inducible nitric oxide synthase and/or proinflammatory cytokine induction suppressor
and/or inhibitor. In certain aspects of the invention, the induction suppressor and/or inhibitor is
identified by the screening assay of the invention. In preferred aspects of the invention, the cell
is in a patient. Methods of treating septic shock with inhibitors of nitric oxide synthase activity
are described in U.S. Patents Nos. 5,028,627 and 5,296,466, each incorporated herein by
reference in entirety.

The present invention is further directed to methods for inducing or suppressing
apoptosis in the cells and/or tissues of individuals suffering from degenerative disorders
characterized by inappropriate cell proliferation or inappropriate cell death, or in some cases,
both. The method comprises contacting a cell capable of producing excess nitric oxide under
conditions of degenerative disorders with a biologically effective amount of an inducible nitric
oxide synthase and/or proinflammatory cytokines induction suppressor and/or inhibitor. In
preferred aspects of the invention, the cell isin a patient. In certain aspects of the invention, the
cytokines induction suppressor and/or inhibitor identified by the screening assay of the
invention. Inappropriate cell proliferation will include the statistically significant increase in
cell number as compared to the proliferation of that particular cell type in the normal
population.  Also included are disorders whereby a cell is present and/or persists in an
inappropriate location, e.g., the presence of fibroblasts in lung tissue after acute lung injury, and
cancer cells which exhibit the properties of invasion and metastasis and are highly anaplastic.
Such cells include but are not limited to, cancer cells including, for example, tumor cells.
Inappropriate cell death will include a statistically significant decrease in cell number as
compared to the presence of that particular cell type in the normal population. Such
underrepresentation may be due to a particular degenerative disorder, including, for example,

viral infections such as AIDS (HIV), which results in the inappropriate death of T-cells, and
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autoimmune diseases which are characterized by inappropriate cell death. Autoimmune
diseases are disorders caused by an immune response directed against self antigens. Such
diseases are characterized by the presence of circulating autoantibodies or cell-mediated
immunity against autoantigens in conjunction with inflammatory lesions caused by
immunologically competent cells or immune complexes in tissues containing the autoantigens.
Such diseases include systemic lupus erythematosus (SLE), rheumatoid arthritis. Standard
reference works setting forth the heneral principles of immunology include Stites and Terr,
1991 and Abbas et al., 1991.

The invention particularly relates to the use of at least one iNOS and/or
pro-inflammatory cytokine induction suppressor and/or inhibitors, preferably reductants such as
NAC or other thiol compounds to reduce NO-mediated cytotoxicity as well as
ceramide-mediated apoptosis in neuroinflammatory diseases and degenerative disorders.
Suppressing agents in this class would be particularly preferred in treating diseases
characterized by excessive or inappropriate cell death, including, for example, neuro-
degenerative diseases and injury resulting from ischemia. Degenerative disorders characterized
by inappropriate cell proliferation include, for example, inflammatory conditions, cancer,
including lymphomas, such as prostate hyperplasia, genotypic tumors, etc. Degenerative
disorders characterized by inappropriate cell death include, for example, autoimmune diseases,
acquired immunodeficiency disease (AIDS), cell death due to radiation therapy or
chemotherapy, neurodegenerative diseases, such as Alzheimer 's disease, Parkinson's disease,
Landr;-Guillain-Barre-Strohl syndrome, multiple sclerosis, etc. In certain aspects of the
invention, the at least one induction suppressor and/or inhibitor is identified by the screening
assay of the invention.

The invention further provides a method for enhancing the production of an inducible
nitric oxide synthatase or a proinflammatory cytokine in a cell comprising providing a
biologically effective amount of a inducible nitric oxide synthatase and/or proinflammatory
cytokine stimulator. In certain aspects of the invention, the at least one induction stimulator
and/or enhancer is identified by the screening assay of the invention. A stimulator in this aspect
of the invention is preferably an induction stimulator. Preferred stimulators include a PKA
inhibitor or enhancer of intracellular cAMP. PKA inhibitors may include, but are not limited

to, H-89, myristoylated PKI, (R)-cAMP and salts, analogs, or derivatives thereof. The
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enhancers of intracellular cAMP may also be selected from the group comprising forskolin,
8-bromo-cAMP and rolipram. In other preferred aspects of the invention, the enhancer of
intracellular cAMP is an inhibitor of cAMP phosphodiesterase. A preferred inhibitor of cAMP
phosphodiesterase is rolipram. In other aspects of this method, a biologically effective amount
of LPS and/or one or more proinflammatory cytokine is administered to stimulate iNOS and/or
prbinﬂammatory cytokines' induction or activity. Preferred proinflammatory cytokine that are
administered include TNF-a, IL-1B, IL-2, IL-6, I1.-8 and/or IFN-y.

Following long-standing patent law convention, the words “a” and “an,” as used in this
specification, including the claims, denotes “one or more.” Specifically, the use of
“comprising,” “having,” or other open language in claims that claim a combination or method
employing “an object,” denotes that “one or more of the object” may be employed in the

claimed method or combination.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed
description of specific embodiments presented herein.

FIG. 1. Forskolin inhibits LPS-induced NO production and iNOS activity in a
dose-dependent manner in rat primary astrocytes. Cells incubated in serum-free DMEM/F-12
received different concentrations of forskolin 15 min before the addition of 1.0 pg/ml LPS. The
production of nitrite in supématants (O) and activities of INOS in cell homogenates (®) were
measured after 24 h of incubation as described in Example 6. PKA activity was measured in
cell homogenates () after 1 h of incubation. Nitrite production in supernatants (32.3 + 3.6
nmol/mg/24 h), and iNOS activity in homogenates (48.7 + 3.9 pmol/min/mg) found in cells
stimulated with only LPS are considered as 100%. However, PKA activity found in extracts
from cells stimulated with an optimal concentration of forskolin (74.4 + 9.4 pmol/min/mg) is
considered as 100%. Values are mean of duplicate samples.

FIG. 2. Activation of PKA correlates with the stimulation of B-oxidation and
inhibition of fatty acid chain elongation in cultured skin fibroblasts of X-ALD. Cells were

treated for 72 h serum-containing DMEM with the listed reagents; P-oxidation of lignoceric
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acid (FIG. 2A), fatty acid chain elongation (FIG. 2B) and PKA (FIG. 2C) activities were
measured as described in Example 4. Media was replaced after every 24 h with the addition of
fresh reagents. Concentrations of reagents were: forskolin, 4 uM; 8-Br-cAMP, 50 uM;
rolipram, 10 puM; H-89, 1 pM; myristoylated PKI, 0.2 uM. Data are mean + S.D. of three
different experiments.

FIG. 3. Time-dependent effect of forskolin on the ratios of VLCFA (Cy6.¢/Coy.9 and
C24./Cp2.0) and B-oxidation of lignoceric acid in cultured skin fibroblasts of X-ALD. Cells were
incubated in serum-containing DMEM with 4 pM forskolin for different days, and the ratios of
C26:0/Ca2:0 (FIG. 3A) and C,4,¢/Cyy, (FIG. 3B), and B-oxidation of lignoceric acid (FIG. 3C)
were measured as described in Example 4 (O, experiment 1; O, experiment 2).

FIG. 4. Modulators of PKA modulate the induction of TNF-o and IL-1B in rat
primary astrocytes. Cells preincubated with the listed reagents for 15 min in serum-free
condition was stimulated with 1.0 pg/ml of LPS. After 24 h of incubation, concentrations of
TNF-a (FIG. 4A) and IL-1B (FIG. 4B) were measured in supernatants as described in the
methods section. After 1 h of incubation, activity of PKA (FIG. 4C) was measured in cell
extracts as described in Example 4. TNF-o and IL-1P are expressed as ng/24 h/mg protein.
Data are expressed as the mean + S.D. of three different experiments. Concentrations of
reagents were: forskolin, 10 uM; 8-Br-cAMP, 100 uM; rolipram, 20 puM; H-89, 2 uM;
myristoylated PKI, 0.4 pM. Data are mean + S.D. of three different experiments.

FIG. 5. Effect of okadaic acid on iNOS promoter-derived CAT activity in rat
primary astrocytes and macrophages. Astrocytes (FIG. 5A) macrophages (FIG. 5B) were
transfected with the construct containing the iNOS promoter fused to the CAT gene using
lipofectamine. Twenty four hour after transfection, cells received okadaic acid with or without
1.0 pg/ml of LPS and after 14 h of stimulation, CAT activity was measured. Data are mean +
S.D. of three different experiments.

FIG. 6. Inhibition of TNF-a-induced degradation of sphingomyelin to ceramide
by NAC and PDTC in rat primary astrocytes. Cells preincubated with either 10 mM NAC or
100 uM PDTC for 1 h in serum-free DMEM/F-12 received TNF-o. (50 ng/ml). At different
time intervals, cells were washed with HBSS and scrapped off Lipids were extracted, and levels

of ceramide (FIG. 6A) and sphingomyelin (FIG. 6B) were measured as described in Example 7.
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Ceramide levels are expressed as -fold change over the level at 0 min. Results are mean + S.D.
of three different studies.

FIG. 7. NAC and PDTC inhibit IL-1B-mediated degradation of sphingomyelin to
ceramide in rat primary astrocytes. Cells preincubated with either 10 mM NAC or 100 pM
PDTC for 1 h in serum-free DMEM/F-12 received IL-1B (50 ng/ml). At different time
intervals, cells were washed with HBSS and scrapped off Lipids were extracted, and levels of
ceramide (FIG. 7A) and sphingomyelin (FIG. 7B) were measured as described in Example 7.
Ceramide levels are expressed as -fold change over the level at 0 min. Results are mean + S.D.

of three different studies.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The invention discloses the novel uses of compounds which inhibit the induction of
iNOS and/or proinflammatory cytokines and the production of NO and/or proinflammatory
cytokines by cells, including lymphocytes, macrophages, endothelial cells, astrocytes and
microglia in response to inflammatory cytokines for the therapeutic treatment of disease
affecting the vascular and nervous systems. The therapeutic uses described herein utilizing
these compounds provide protection against NO toxicity to including lymphocytes,
macrophages, endothelial cells, astrocytes microglia, oligodendrocytes and -neurons in
neuroinflammatory disease, stroke, ischemia-reperfusion and tissue injury and HIV-mediated
NO neurotoxicity for which there is no effective treatment presently available.

The present disclosure further describes the discovery of a novel role of the mevalonate
pathway in controlling the expression of iNOS and different cytokines in lymphocytes,
macrophages, endothelial cells, astrocytes and microglia. This discovery provides the basis for
novel screening assays of previously unknown inhibitors of iNOS and the production of NO.
An understanding of the cellular mechanisms involved in the induction of iNOS and cytokines
allows identification of novel targets for the therapeutic intervention of NO-mediated,
proinflammatory cytokine and/or endotoxin-mediated pathophysiology in inflammatory
diseases.

The inventor demonstrates herein that LPS- and cytokine-induced production of NO can
be blocked by antioxidants. Therefore maintenance of the thiol/oxidant balance appears to be

crucial for protection against proinflammatory cytokine production and, at least, in NO
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cytotoxicity. The inventor has discovered that the use of reductants, such as N-acetyl cysteine
(NAC) or other thiol compounds, is beneficial in restoring cellular redox and in inhibiting the
production of proinflammatory cytokines and in reducing cytotoxic levels of NO. N-acety!
cysteine blocks the induction of TNF-o and iNOS and is a nontoxic drug that enters the cell
readily and serves both as a scavenger of reactive oxygen species and a precursor of
glutathione, the ‘major intracellular thiol (Smilksteinefal, 1988; Aruoma et al., 1989).
Therefore, the use of reductants such as NAC or other thiol compounds, may be beneficial in
restoring cellular redox and in inhibition of production of proinflammatory cytokines and in
reducing cytotoxic levels of NO.

The inventor investigated the cellular regulation of the induction of iNOS and cytokines
by lovastatin and NaPA in rat primary lymphocytes, macrophages, endothelial cells, astrocytes
and microglia. This investigation disclosed the first evidence that the induction of inducible
nitric oxide synthase (iNOS) and cytokine (for example TNF-a, IL-1B and IL-6) gene
expression are uniquely sensitive to the drugs lovastatin and the sodium salt of phenylacetic
acid (NaPA) in astrocytes, glial cells and macrophages. The reversal of lovastatin-mediated
inhibition of iNOS induction by mevalonate and FPP, and reversal of the inhibitory effect of
NaPA by FPP, and inhibition of Ras farnesyl protein transferase by an inhibitor (FPT inhibitor
IT) demonstrated that the farnesylation reaction is a key step in the regulation of LPS-mediated
induction of iNOS and production of NO and cytokines.

The inventor have discovered that lovastatin and NaPA, alone or in combination
represcnt therapeutic agents directed against cytokine- and nitric oxide-mediated brain
disorders, particularly in stroke, trauma, Alzheimer’s Disease and in demyelinating conditions
such as multiple sclerosis and X-adrenoleukodystrophy (X-ALD).

The inventor’s results demonstrate that the inhibition iNOS expression by lovastatin,
NaPA and FPT inhibitor II may be due to the inhibition of NF-k activation. Previous studies
of Law ez al. (1992) demonstrating the inhibition of NF-kB activation by mevinolin and
5’-methylthioadenosine indicated a role of protein farnesylation and carboxyl methylation
reactions in the activation of NF-kB. The Ras protooncogene proteins function by binding to
cytoplasmic surface of plasma membrane. Since mevalonate availability regulates the
post-translational isoprénylation of many intracellular signaling proteins including Ras p21

(Goldstein et al., 1990), the observed inhibition of NF-kp activation and induction of iNOS by
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lovastatin and NaPA appears to be due to decreased, or a lack of, 1soprenylation of Ras that in
turn leads to the lack of or abnormal signal transmission from receptor tyrosine kinase to
Ras/Raf/MAP kinase cascade, activation of NF-kpB and induction of iNOS.

The inventor has also investigated the effect of other antioxidants on the induction of
NO by LPS and/or cytokine-stimulated macrophages, C6 glioma cell lymphocytes, endothelial
célls, astrocytes and microglia. These results clearly show that antioxidants (N-acetyl cysteine
(NAC) and pyrolidine dithiocarbamate (PDTC)) inhibit the LPS- and cytokine-induced
production of NO, iNOS activity, production of iNOS protein and iNOS mRNA indicating a
role of reactive oxygen species (e.g., H,0,, O, and OH) in iNOS induction. Superoxide (O, )
and hydroxyl radical (OH) are reported to be involved in the production of NO in brain
cerebellum (Mittal, 1993) where the hydroxyl radical was indicated to hydroxylate L-arginine
during its conversion to citrulline and NO (Mittal, 1993). The inventor has discovered through
the inhibition of iNOS activity and induction of iNOS protein and mRNA in LPS- and
cytokine-activated macrophages by NAC that reactive oxygen species (ROS) modulate the
intracellular signal pathways for the induction of iNOS biogenesis.

Several lines of evidence disclosed herein clearly support the conclusion that inhibitors
of HMG-CoA reductase (for example, lovastatin or mevastatin) and mevalonate pyrophosphate

decarboxylase (NaPA) have an inhibitory effect on the induction of inflammatory mediators

(INOS, TNF-a, IL-1p and IL-6) in rat astrocytes, microglia and macrophages demonstrating the

involvement of mevalonate metabolite(s), farnesyl pyrophosphate, in the induction of

inflammatory mediators. This conclusion was based on the following observations. First, the

.LPS-induced expression of iNOS, TNF-a, IL-1 and IL-6, and activation of NF-kB was

inhibited by lovastatin and NaPA. Second, inhibitory effects of lovastatin and NaPA on
LPS-mediated induction of iNOS and cytokines was not reversed by cholesterol and
ubiquinone, end products of the mevalonate pathway, indicating that this inhibitory effect of
lovastatin was not due to depletion of end products of mevalonate pathway. Third, the reversal
of inhibitory effects of lovastatin by mevalonate and FPP and the reversal of inhibitory effects
of NaPA by FPP, but not by mevalonate, indicates a role of farnesylation in LPS-mediated
induction of iNOS. Fourth, the inhibition of LPS-induced activation of NF-kf and induction of
iNOS by FPT inhibitor II, an inhibitor of Ras farnesyl protein transferase, demonstrates that

farnesylation of Ras is required for signal transduction in the LPS-induced expression of iNOS.
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Since the INOS, TNF-a, IL-1f and IL-6 have been implicated in the pathogenesis of
demyelinating and neurodegencrative diseases (Mitrovic et al., 1994; Boeral, 1994,
Merrill et al., 1993), these results provide an important mechanism whereby inhibitors of

HMG-CoA reductase and mevalonate pyrophosphate decarboxylase can ameliorate neural

injury.

Therapy For X-Adreno Leukodystrophy

Since X-ALD is a metabolic disorder of the very long chain fatty acids (VLCFA) that
eventually leads to an inflammatory bilateral demyelination with marked activation of
microglia and astrocytes and accurmulation of proinflammatory cytokines (TNF-a and IL-1B)
and extracellular matrix proteins (Powers ef al., 1992; McGuinness et al., 1995), the inventor

developed a therapy that should normalize the VLCFA and inhibit the induction of

‘proinflammatory cytokines by astrocytes and microglia. Example 4 described herein

demonstrates that the compounds that increase the intracellular levels of cAMP and the activity
of protein kinase A (PKA) normalize the levels of VLCFA possibly by increasing the
peroxisomal activity for B-oxidation of VLCFA. Moreover, the same compounds also inhibit
the induction of TNF-ow and IL-1B in lipopolysaccharide (LPS) stimulated astrocytes and
microglia. These observations demonstrate the therapeutic potential of compounds that increase
the activity of PKA in correction of the metabolic defect and inhibition of the
neuroinflammatory disease process in X-ALD.

The inventor provides evidence that in X-ALD cultured skin fibroblasts, up regulation
of PKA activity increased the B-oxidation of lignoceric acid, decreased the chain elongation of
fatty acids and lowered cellular content of VLCFA to the normal level, despite the status
(mutation or deletion) of the ALD gene. The detailed mechanism leading to the normalization
of VLCFA in X-ALD is not known at the present, but is likely to involve cAMP-dependent
protein kinase A. This conclusion is based on the following observations. First, cAMP analogs
and rolipram, an inhibitor of cAMP phosphodiesterase, stimulated transport and B-oxidation of
lignoceric acid and decreased the chain elongation of fatty acids in X-ALD as well as control
skin fibroblasts whereas H-89 and myristoylated PKI, specific inhibitors of PKA, inhibited
transport and B-oxidation of lignoceric acid, stimulated chain elongation of fatty acids and

blocked the observed effects in normalization of VLCFA by cAMP analogs. Second, a
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long-term treatment of fibroblasts of X-ALD with cAMP analogs and rolipram although had no
effect on protein and mRNA for X-ALD gene but lowered the accumulation of VLCFA to the
control level that is also blocked by inhibitors of PKA. These results clearly indicate that
increasing cAMP level in fibroblasts of X-ALD normalizes the VLCFA pathogen by a
mechanism that is dependent on the activity of PKA but independent of the involvement of the
ALD gene product.

Previous studies (Singheral, 1984; Hashmi et al., 1986; Lagewegetal, 1991;
Lazo et al., 1988; Lazo et al., 1989) have shown that VLCFA (lignoceric and cerotic acids) are
preferentially B-oxidized in peroxisomes. The increased transport of lignoceric acid into
cAMP-treated cells indicates that the observed increase in B-oxidation of lignoceric acid is due
to higher availability of lignoceric acid in these cells. However, the increase in p-oxidation of
lignoceric acid in cell-free extracts or permealized X-ALD cells, or cell homogenates
demonstrate that normalization of VLCFA is due to increased activity of fatty acid B-oxidation
system. In the cell, fatty acids are B-oxidized in mitochondria and peroxisomes (Singh, 1997).
The lack of effect of etomoxir, an inhibitor of mitochondrial carnitine palmitoyl transferase-I
(Mannaerts ez al., 1979), on the cAMP-stimulated oxidation indicates that the higher lignoceric
acid oxidation activity observed in cAMP-stimulated cells was due to increase in the activity of
peroxisomal -oxidation system. These observations provide the first evidence that peroxisomal
B-oxidation of fatty acids is regulated by intracellular second messenger (CAMP).

The pathogenetic mechanism of X-ALD is poorly understood. The constant "hallmark"
of X-ALD is an excessive accumulation of VLCFA with subsequent involvement of CNS with
induction of proinflammatory cytokines (INF-a and IL-1B) and extracellular matrix proteins
by reactive astrocytes and microglia and demyelination/inflammatory dysmyelination and loss
of oligodendrocytes (Powers et al., 1992; McGuinness et al., 1995; Powers, 1995). The
documentation of immunoreactive TNF-o. and IL-1B in astrocytes and microglia of X-ALD
brain indicated the involvement of these cytokines in immunopathology of X-ALD and aligned
X-ALD with multiple sclerosis (MS), the most common immune-mediated demyelinating
disease of the CNS in man. However, apart from traditionally higher expression of cytokines by
microglia than in astrocytes of MS and other neurodegenerative disorders, the expression of
TNF-o and IL-1B is more prominent in astrocytes than microglia of X-ALD brain

(Powers et al., 1992).
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At present it is not known how the inherited metabolic abnormality of accumulation of
VLCFA subsequently triggers a neuroinflammatory response in X-ALD brain. Since the
metabolic defect appears prior to the detection of neuroinflammatory disease, the assumption is
that these VLCFA, by themselves or as a constituent of complex lipid, act as a trigger for the
inflammatory response that in turn becomes the basis for the observed demyelination and loss
of oligodendrocytes in X-ALD. The data presented here indicate that cAMP may also inhibit
the induction of proinflammatory cytokines in reactive astrocytes and microglia. The treatments
of rat brain primary astrocytes or microglia with forskolin or rolipram inhibit the LPS-induced
induction of TNF-a and IL-1p.

Previously it has been shown that cAMP derivatives and rolipram inhibit the
cytokine-induced expression of inducible nitric oxide synthase and production of NO in
astrocytes. The inventor's studies indicate that proinflammatory cytokines down regulate the
peroxisomal function in the metabolism of VLCFA thereby aggravating the inherited metabolic
abnormality by accumulating 4-times higher VLCFA and around the plaque than in normal
looking X-ALD brain and these alterations by proinflammatory cytokines are mediated by NO
toxicity (Khan er al., 1997). The inhibition of induction of cytokines as well as induction of
iNOS by compounds that increase the activity of PKA (e.g., cAMP and rolipram) in astrocytes
and microglia indicate that these compounds should be beneficial in terms of blocking the
induction of proinflammatory cytokines in X-ALD

These results provide the basis of a therapy to normalize the metabolic abnormality and
block the neuroinflammatory process by inhibiting the induction of proinflammatory cytokines.
The studies described in Example 4 clearly demonstrate that the compounds (e.g. forskolin,
8-Br-cAMP, rolipram) that increase cAMP and activate PKA meet both of these conditions.
Moreover, recent reports showing the prevention of progression of autoimmune
encephalomyelitis in mice (Sommer ef al., 1995) as well as in marmoset by rolipram indicate
that rolipram does cross the blood brain barrier and inhibit the cytokine-induced
neuropathologies in these animal models.

The studies described in Example 5 demonstrate that lovastatin and sodium
phenylacetate (NaPA), inhibitors of mevalonate pathway, normalize the levels of VLCFA in
skin fibroblasts of X-ALD by increasing the peroxisomal activity for B-oxidation of VLCFA. In
light of the fact that these compounds also inhibit the induction of proinflammatory cytokines
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and nitric oxide synthase in astrocytes and microglia, the inventor deduced that these drugs may
have therapeutic potential in correction of the metabolic defect and inhibition of the
neuroinflammatory disease process in X-ALD.

The inventor found that PD 98059, an inhibitor of MAP kinase (MEK), the kinase
responsible for the activation of MAP kinase, inhibits the I.PS-induced activation of NF-kB and
thé induction of iNOS in astrocytes indicating the possible involvement of the MAP kinase
pathway in the induction of iNOS. MAP kinases exhibit dual-specificity, regulating both serine
(Ser)/threonine  (Thr) phosphorylation and Tyr autophosphorylation (Blenis, 1993;
Rossomando et al., 1994; Heretal, 1993). In addition, MAP kinases themselves require
concurrent Thr and Tyr phosphorylation for activation, and are, in turn, substrates for MEK
(Blenis, 1993; Rossomando et al., 1994; Her et al., 1993). MEK is also a dual specificity kinase
whose activation requires Ser/Thr phosphorylation (Blenis, 1993; Rossomando et al., 1994;
Her et al., 1993). The inventor deduced form these observations that cellular regulation of this
signaling pathway may utilize Ser/Thr phosphatases to modulate the phosphorylation state of
critical phosphoproteins.

Since phosphoprotein phosphatases (PP) 1 and PP 2A are the two most abundant
Ser/Thr phosphatases in the cell, the study presented in Example 6 was undertaken to
investigate the cellular regulation of the induction of iNOS by PP 1 and PP 2A in rat primary
astrocytes and macrophages. The results clearly demonstrate that calyculin A, microcystin,
cantharidin and okadaic acid, inhibitors of PP 1 and PP 2A, stimulate the LPS- and
cytokine-mediated expression of iNOS and production of NO in astrocytes and Cg glial cells
while the same inhibitors Jinhibit the LPS- and cytokine-mediated expression of iNOS and
production of NO in macrophages and RAW 264.7 cells. Consistent with this observation,
okadaic acid stimulates the iNOS promoter-derived chloramphenicol acetyl transferase (CAT)
activity in LPS-treated astrocytes but inhibits the iNOS promoter-derived CAT activity in
LPS-treated macrophages. This differential regulation of the induction of iNOS in astrocytes
and macrophages by inhibitors of PP 1/2A indicates that, although PP 1/2A functions as a
physiological inhibitor of the induction of iNOS in astrocytes, the induction of iNOS in
macrophages requires the involvement of PP 1/2A. However, in spite of this differential

regulation of the induction of iNOS in astrocytes and macrophages, inhibitors of PP 1/2A
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stimulate the activation of NF-kB and the production of TNF-o. in both astrocytes and
macrophages.

Transient modulation of protein phosphorylation and dephosphorylation is a major
mechanism of intracellular signal transduction pathways triggered by different cytokines.
Therefore, the inventor hypothesized that inhibition of protein phosphatase 1 and 2A (PP 1 and
2A) activities will influence cytokine induced signal transduction pathways for the induction of
iNOS. The signaling events in cytokine-mediated induction of iNOS in astrocytes and
macrophages are not well understood. An understanding of the cellular mechanisms involved in
the induction of iNOS should identify novel targets for therapeutic intervention in NO-mediated
neuroinflammatory diseases. Several lines of evidence presented in Example 6 support the
conclusion that inhibition of PP 1/2A activity differentially modulates the LPS- and
cytokine-induced expression of iINOS and production of NO in rat primary astrocytes and
macrophages. The conclusion is based on the following observations. First, treatment of
astrocytes and macrophages with LPS and/or cytokines induced the expression of iNOS and
production of NO, and inhibitors of PP 2B (cypermethrin, deltamethrin and fenvalerate) had no
effects on the LPS- and cytokine-mediated induction of iNOS and production of NO. Second,
compounds (calyculin A, microcystin, okadaic acid and cantharidin) that inhibit PP 1/2A
stimulated the LPS- and cytokine-mediated production of NO as well as expression of iNOS
protein and mRNA in astrocytes and Cg4 glial cells. However, in contrast, these inhibitors
inhibited the LPS- and cytokine-mediated production of NO and .expression of iNOS in rat
resident macrophages and RAW 264.7 cells. Third, the inhibitors of PP 1/2A stimulated iNOS
promoter-derived chloramphenicol acety! transferase (CAT) activity in LPS-treated astrocytes
but inhibited iNOS promoter-derived CAT activity in LPS-treated macrophages. These results
indicate that the signaling events required for the induction of iNOS in astrocytes differ from
those required for the induction of iNOS in macrophages.

Cytokines (TNF-a, IL-1B or IFN-y) and LPS bind to their respective receptors and
induce iNOS expression via activation of NF-kB (Xie et al., 1994; Kwon et al., 1995). The
nuclear expression and biological function of the NF-kB transcription factor are tightly
regulated through its cytoplasmic retention by the ankyrin-rich inhibitor IkBo (Begetal,
1992). Activation of NF-kB by various cellular stimuli involves the proteolytic degradation of

IkBa and the concomitant nuclear translocation of the liberated NF-kB heterodimer. Although
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the biochemical mechanism underlying the degradation of IkBo. remains unclear, it appears that
degradation of IkBa induced by various mitogens and cytokines occurs in association with the
transient phosphorylation of IkBa on serines 32 and 36. Further the inventor has found that the
90 kDa ribosomal S6 kinase (a downstream candidate of the well characterized
Ras-Raf-MEK-MAP kinase pathway), but not p70 S6 kinase or MAP kinase, phosphqrylates
the N-terminal regulatory domain of IkBa, on serine 32. However, in vivo, only phorbol
12-myristate 13-acetate produced rapid activation of p90 RSK, other potent NF-kB inducers
including TNF-a and the Tax transactivator of human T-cell lymphotrophic virus, type I, failed
to activate p90 RSK indicating that more than a single IkBo kinase exists within the cell and
that these IkBo kinases are differentially activated by different NF-kB inducers. By
phosphorylation, IkBa which is still bound to NF-kB has apparently turned into a high affinity
substrate for an ubiquitin-conjugating enzyme. Following this phosphorylation-controlled
ubiquitination, IkBa is rapidly and completely degraded by the 20 S or 26 S proteosome.
Okadaic acid and other inhibitors of PP 1/2A have also been shown to induce the
activation of NF-kB in monocytes, Jurkat T cells and Hela cells (Menon et al., 1993;
Suzuke ef al., 1994) due to the phosphorylation of IkBa at protein phosphatase 2A-sensitive
phosphorylation sites which are different than cytokine-induced phosphorylation sites
(Sun et al., 1995). However, according to Baeuerle and colleagues (Schmidt et al., 1995),
okadaic acid-mediated activation of NF-kB in Hela cells requires the induction of oxidative
stress. Identification of binding site of NF-kB in the promoter region of iNOS gene and the
activation of NF-kB during cytokine-induced iNOS expression establishes the role of NF-kB
activation in the induction of iNOS (Xie et al., 1994; Kwon et al., 1995). In contrast to the
ability of okadaic acid on the activation of NF-kB in other cell types (Menon et al., 1993;
Suzuke et al., 1994), okadaic acid by itself was unable to induce the activation of NF-kB in rat
primary astrocytes. However, okadaic acid markedly stimulated LPS- or cytokine-mediated
activation of NF-kB in astrocytes. Increase in the activation of NF-kB in LPS-stimulated
astrocytes by okadaic acid paralleled the increase in induction of iNOS indicating that
stimulation of iNOS expression in LPS-activated rat primary astrocytes by inhibitors of
PP 1/2A is probably mediated via enhanced activation of NF-kB. However, consistent with the
effect of okadaic acid on the activation of NF-kB in other cell types (Menon et al., 1993;
Suzuke et al., 1994), okadaic acid by itself induced the activation of NF-kB in macrophages but
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this activation of NF-kB by okadaic acid did not result in the induction of iNOS indicating that
activation of NF-kB by okadaic acid is not sufficient for the induction of iNOS in macrophages.
Although similar to astrocytes, okadaic acid stimulated the LPS-mediated activation of NF-kB
in rat peritoneal macrophages, yet in sharp contrast to the effect of okadaic acid on the
induction of iNOS in astrocytes, the stimulation of NF-kB activation by okadaic acid in
LPS-treated macrophages did not parallel with the expression of iNOS. Instead, consistent with
a previous report, okadaic acid and other inhibitors of PP 1/2A markedly inhibited LPS- and
cytokine-induced expression of iNOS in macrophages. However, the basis for this differential
regulation of induction of iNOS in astrocytes and macrophages by inhibitors of PP 1/2A is not
understood at the present time.

Earlier, the inventor observed that cAMP-dependent protein kinase A (PKA) also
differentially modulates the induction of iNOS in astrocytes and macrophages. Inhibition of the
activation of NF kB and the induction of iNOS with the increase in PKA activity, and
stimulation of the activation of NF-kB and the induction of iNOS with the decrease in PP 1/2A
activities in astrocytes indicate that both PKA (a serine-threonine protein kinase) and PP 1/2A
(serine-threonine phosphoprotein phosphatases) function as inhibitory signals for the induction
of iNOS in astrocytes modulating different steps of the signal transduction pathways. In
contrast, in macrophages, inhibitors of PKA inhibited the LPS-mediated activation of NF-kB
and induction of iNOS, and inhibitors of PP 1/2A stimulated the LPS-mediated activation of
NF-kB but inhibited the induction of iNOS indicating that both PKA and PP 1/2A are necessary
components of the LPS-mediated signaling pathways for the induction of iNOS. However, the
molecular basis for the differential regulation of activation of NF-kB and expression of iNOS
gene by inhibitors of PP 1/2A in rat peritoneal macrophages is not known. In light of the fact
that NF-kB is necessary but not sufficient for the expression of iNOS gene and that many of the
signal transduction events are cell type specific, the apparent stimulation of NF-kB and
inhibition of iNOS gene expression by inhibitors of PP 1/2A clearly delineate that apart from
the activation of NF-kB some other signaling pathway(s) sensitive to PP 1/2A is/are responsible
for the expression of INOS gene in macrophages.

The inventor examined the possible involvement of ROS in cytokine-mediated
activation of sphingomjrelin breakdown and ceramide formation and found that intracellular

GSH plays a crucial role in the breakdown of SM to ceramide, in that low GSH levels are
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required for ceramide generation and high GSH levels inhibit production of ceramide.
Inhibition of cytokine-mediated breakdown of SM to ceramide by antioxidants like N-acetyl
cysteine (NAC) and pyrrolidine dithiocarbamate (PDTC) and induction of ceramide production
by oxidants or pro-oxidants like hydrogen peroxide, aminotriazole, diamide and L-buthione
(S,R)-sulfoximine clearly delineate a novel function of ROS and GSH in regulation of the first
stef) of sphingomyelin signal transduction pathway. Moreover, decreased levels of GSH and
increased levels of ceramide correlate with the DNA fragmentation in rat primary
oligodendrocytes as well as in the banked human brains from patients with neuroinflammatory
diseases (e.g. multiple sclerosis and X=adrenoleukodystrophy).

Changes in the cellular redox state toward either prooxidant or antioxidant conditions
have profound effects on cellular functions. Several lines of evidence presented herein indicate
that the first step of cytokine-induced sphingomyelin signal transduction pathway (ie.
breakdown of sphingomyelin to ceramide and phosphocholine) is redox sensitive. First,
cytokines like TNF-o and IL-1B decreased intracellular GSH and induced the degradation of
sphingomyelin to ceramide in rat primary astrocytes, oligodendrocytes, microglia and rat Cg
glial cells, and pretreatment of the cells with antioxidants like NAC restored the levels of GSH
and blocked the degradation of sphingomyelin to ceramide. Second, depletion of endogenous
glutathione by diamide or buthione sulfoximine alone induces the degradation of
sphingomyelin to ceramide which is blocked by NAC. Third, the increase in intracellular H,0,
by the addition of exogenous H,O, or by the inhibition of endogenous catalase by aminotriazole
induced the degradation of sphingomyelin to ceramide which is also blocked by NAC. Fourth,
besides NAC, pyrrolidine dithiocarbamate (PDTC), an amioxidant but not the precursor of
GSH (Laightetal, 1997), also inhibited the TNF-o and IL-1p-induced hydrolysis of
sphingomyelin to ceramide.

Several studies support a role for hydrolysis of sphingomyelin as a stress-activated
signaling mechanism in which ceramide plays a role in growth suppression and apoptosis in
various cell types including glial and neuronal cells (Brugg et al., 1996; Wiesner and Dawson,
1996). Ceramide activates the proteases of the interleukin converting enzyme (ICE) family,
(especially prICE/'YAMA/CPP32), the protease responsible for cleavage of poly-ADP-ribose
polymerase (PARP) (Martin er al., 1995) and that the activation of prICE by ceramide and
induction of apoptosis are inhibited by overexpression of Bcl-2 (Zhang et al., 1996). Addition
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of exogenous ceramides or sphingomyelinase to cells induces stress activated protein kinase
(SAPK)-dependent transcriptional activity through the activation of c-jun (Latinis and
Koretzky, 1996) and a dominant negative mutant of SEK1, the protein kinase responsible for
phosphorylation and activation of SAPK, interferes with ceramide-induced apoptosis
(Verheij et al., 1996). These observations also indicate that both Bcl-2 and SAPK function
downstream of ceramide in the apoptotic pathway.

The inventor has found that DNA fragmentation and increase in ceramide and decrease
in GSH in primary oligodendrocytes and banked human brains with X-ALD and MS clearly
indicate that intracellular redox (level of GSH) is an important regulator of apoptosis via
controlling the generation of ceramide. This conclusion is based on following observations.
First, treatment of oligodendrocytes with TNF-a decreased intracellular level of GSH,
increased degradation of SM to ceramide and induced DNA fragmentation, however,
pretreatment of oligodendrocytes with NAC blocked the TNF-a-mediated decrease in GSH
level, increase in ceramide level and increase in DNA fragmentation. Second, treatment of
oligodendrocytes only with diamide, a thiol-depleting agent, decreased intracellular level of
GSH, increased level of ceramide and induced DNA fragmentation which are prevented by
pretreatment of NAC, a thiol-replenishing agent. Third, the inventor found increased
fragmentation of DNA in brains from patients with X-ALD and MS where the levels of GSH
and ceramide were lower and higher respectively compared to those found in control human
brains. These observations clearly indicate that maintenance of the thiol/oxidant balance is
crucial for protection against cytokine-mediated ceramide production and thereby against
ceramide-induced cytotoxicity.

Recent observation demonstrated that ceramide potentiates the cytokine-mediated
induction of inducible nitric oxide synthase (iNOS) in astrocytes and Cq4 glial cells. Although
ceramide by itself did not induce the expression of iNOS and production of NO, it markedly
stimulated the cytokine-induced expression of iNOS and production of NO indicating that
sphingomyelin-derived ceramide generation may be an important factor in cytokine-mediated
cytotoxicity in neurons and oligodendrocytes in neuroinflammatory diseases. The N-acetyl
cysteine (NAC), which has been used to block the cytokine-induced ceramide production in this
study and to inhibit cytokine-mediated induction of iNOS is a nontoxic pharmaceutical drug

that enters the cell readily and serves both as a scavenger of ROS and a precursor of GSH, the
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major intracellular thiol (Smilkstein ef al., 1988). Therefore, the use of reductants such as NAC
or other thiol compounds, may be beneficial in restoring cellular redox and in inhibition of
cytokine-mediated induction of iNOS and breakdown of sphingomyelin thus reducing
NO-mediated cytotoxicity as well as ceramide-mediated apoptosis in neuroinflammatory

diseases.

Inhibitors, Enhancers and Screening Assays

In still further embodiments, the present invention provides methods for identifying new
iNOS and/or proinflammatory cytokine inhibitory compounds, which may be termed as
"candidate substances." It is contemplated that such screening techniques will prove useful in
the general identification of any compound that will serve the purpose of inhibiting iNOS
and/or proinflammatory cytokines, and in preferred embodiments, will provide candidate
therapeutic compounds. The present invention also provides methods for identifying new
iNOS and/or proinflammatory cytokine stimulatory or enhancing compounds.

It is further contemplated that useful compounds in this regard will in no way be limited
to proteinaceous or peptidyl compounds. In fact, it may prove to be the case that the most useful
pharmacological compounds for identification through application of the screening assays will
be non-peptidyl in nature and, e.g., which will serve to inhibit or enhance iNOS and/or
proinflammatory cytokine activity or transcription through a tight binding or othef chemical
interaction. Candidate substances may be obtained from libraries of synthetic chemicals, or
from natural samples, such as rain forest and marine samples.

In preferred embodiments, a candidate induction suppressor and/or inhibitor of
inducible nitric oxide synthase and/or proinflammatory cytokines is selected from agents that
have certain traits or modes of action common to those of the suppressors and/or inhibitors
identified herein. Preferred candidate substances would either inhibit the Ras/Raf/MAP kinase
pathway, inhibit and/or suppress the induction and/or activation of NF -kB, inhibit mevalonate
synthesis, be an enhancer of protein kinase A, and/or inhibit the farnasylation of proteins,
including but not limited to Ras. In certain embodiments the inhibitor of mevalonate synthesis
may be an inhibitor of HMG-CoA reductase or suppressor of its induction. In certain aspects
the inhibitor of HMG-CoA reductase is a stimulator of AMP-activated protein kinase. In

certain other embodiments the inhibitor of of inducible nitric oxide synthase and/or
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proinflammatory cytokines may be an inhibitor of mevalonate pyrophosphate decarboxylase or
suppressor of its induction. In other embodiments the candidate substance is an antioxidant.
In other embodiments the candidate substance is an enhancer of intracellular cAMP. The
enhancer of intracellular cAMP may be an inhibitor of cAMP phosphodiesterase and/or
suppressor of its induction. In other embodiments the candidate substance is a farnesyl protein
transferase inhibitor and/or induction suppressor.

In other preferred embodiments, a candidate induction suppressor and/or inhibitor of
inducible nitric oxide synthase and/or proinflammatory cytokines is selected from agents that
have certain traits or modes of action common to those of the stimulators and/or enhancers
identified herein. For example, a preferred candidate stimulators or enhancers would include a
PKA inhibitor.

In other embodiments, the present invention provides methods for identifying new
INOS and/or proinflammatoy cytokine inhibitory or stimulatory compounds. To determine
whether a candidate substance has inhibitory, suppressor, stimulator, or enhancer activity for
iNOS, and/or proinflammatory cytokines, assays may be employed to detect or measure the
change in the message, content, and/or activity of iNOS, proinflammatory cytokines such as
TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y, proteins involved in second messenger pathways,

or transcription factors such as NF-kp.

Nucleic Acid Detection

Assays for the detection of iNOS, NF-kB, and/or proinflammatory cytokines such as
TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y include detection of changes in the amount of
nucleic acid message in a cell upon contact with a candidate inhibitor, suppressing agent,
enhancer, and/or stimulator. Such assays are described in the specific examples. Additionally,
gene sequences for known iNOS, NF-kB, and/or proinflammatory cytokines in a database such
as found in the National Center for Biotechnology Information (internet web site:
http://www.ncbi.nlm.nih.gov) may be used as probes or primers in nucleic acid hybridization

embodiments of such assays.
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1. Hybridization

The use of a hybridization probe of between 17 and 100 nucleotides in length, or in some
aspect of the invention even up to 1-2 Kb or more in length, allows the formation of a duplex
molecule that is both stable and selective. Molecules having complementary sequences over
stretches greater than 20 bases in length are generally preferred, in order to increase stability and
seiectivity of the hybrid, and thereby improve the quality and degree of particular hybrid
molecules obtained. One will generally prefer to desi gn nucleic acid molecules having stretches of
20 to 30 nucleotides, or even longer where desired. Such fragments may be readily prepared by,
for example, directly synthesizing the fragment by chemical means or by introducing selected
sequences into recombinant vectors for recombinant production.

Accordingly, the nucleotide sequences of the invention may be used for their ability to
selectively form duplex molecules with complementary stretches of genes or RNAs or to provide
primers for amplification of DNA or RNA from tissues. Depending on the application
envisioned, one will desire to employ varying conditions of hybridization to achieve varying
degrees of selectivity of probe towards target sequence.

For applications requiring high selectivity, one will typically desire to employ relatively
stringent conditions to form the hybrids, e.g., one will select relatively low salt and/or high
temperature conditions, such as provided by about 0.02 M to about 0.10 M NaCl at temperatures
of about 50°C to about 70°C. Such high stringency conditions tolerate little, if any, mismatch
between the probe and the template or target strand, and would be particularly suitable for
isolating specific genes or detecting specific mRNA transcripts. It is generally appreciated that
conditions can be rendered more stringent by the addition of increasing amounts of formamide.

For certain applications, for example, substitution of nucleotides by site-directed
mutagenesis, it is appreciated that lower stringency conditions are required. Under these
conditions, hybridization may occur even though the sequences of probe and target strand are not
perfectly complementary, but are mismatched at one or more positions. Conditions may be
rendered less stringent by increasing salt concentration and decreasing temperature. For example,
a medium stringency condition could be provided by about 0.1 to 0.25 M NaCl at temperatures of
about 37°C to about 55°C, while a low stringency condition could be provided by about 0.15 M to
about 0.9 M salt, at temperatures ranging from about 20°C to about 55°C. Thus, hybridization

conditions can be readily manipulated depending on the desired results.
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In other embodiments, hybridization may be achieved under conditions of, for example,
50 mM Tris-HCI (pH 8.3), 75 mM KCl, 3 mM MgCl,, 1.0 mM dithiothreitol, at temperatures
between approximately 20°C to about 37°C. Other hybridization conditions utilized could
include approximately 10 mM Tris-HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCl,, at temperatures
ranging from approximately 40°C to about 72°C.

In certain embodiments, it will be advantageous to employ nucleic acid sequences of the
present invention in combination with an appropriate means, such as a label, for determining
hybridization. A wide variety of appropriate indicator means are known in the art, including
fluorescent, radioactive, enzymatic or other ligands, such as avidin/biotin, which are capable of
being detected. In preferred embodiments, one may desire to employ a fluorescent label or an
enzyme tag such as urease, alkaline phosphatase or peroxidase, instead of radioactive or other
environmentally undesirable reagents. In the case of enzyme tags, colorimetric indicator
substrates are known that can be employed to provide a detection means visible to the human eye
or spectrophotometrically, to identify specific hybridization with complementary nucleic acid-
containing samples.

In general, it is envisioned that the hybridization probes described herein will be useful
both as reagents in solution hybridization, as in PCR™, for detection of expression of
corresponding genes, as well as in embodiments employing a solid phase. In embodiments
involving a solid phase, the test DNA (or RNA) is adsorbed or otherwise affixed to a selected
matrix or surface. This fixed, single-stranded nucleic acid is then subjected to hybridization with
selected probes under desired conditions. The selected conditions will depend on the particular
circumstances based on the particular criteria required (depending, for example, on the G+C
content, type of target nucleic acid, source of nucleic acid, size of hybridization probe, efc.).
Following washing of the hybridized surface to remove non-specifically bound probe molecules,

hybridizationis detected, or even quantified, by means of the label.

2. Amplification and PCR™
Nucleic acid used as a template for amplification is isolated from cells contained in the
biological sample, according to standard methodologies (Sambrook et al., 1989). The nucleic

acid may be genomic DNA or fractionated or whole cell RNA. Where RNA is used, it may be
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desired to convert the RNA to a complementary DNA. In one embodiment, the RNA is whole
cell RNA and is used directly as the template for amplification.

Pairs of primers that selectively hybridize to nucleic acids corresponding to iNOS, NF-
kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y genes are contacted with the isolated nucleic
acid under conditions that permit selective hybridization. The term "primer", as defined herein,
is meant to encompass any nucleic acid that is capable of priming the synthesis of a nascent
nucleic acid in a template-dependent process. Typically, primers are oligonucleotides from ten
to twenty or thirty base pairs in length, but longer sequences can be employed. Primers may be
provided in double-stranded or single-stranded form, although the single-stranded form is
preferred.

Once hybridized, the nucleic acid:primer complex is contacted with one or more
enzymes that facilitate template-dependent nucleic acid synthesis. Multiple rounds of
amplification, also referred to as "cycles," are conducted until a sufficient amount of
amplification product is produced.

Next, the amplification product is detected. In certain applications, the detection may
be performed by visual means. Alternatively, the detection may involve indirect identification
of the product via chemiluminescence, radioactive scintigraphy of incorporated radiolabel or
fluorescent label or even via a system using electrical or thermal impulse signals (Affymax
technology). |

A number of template dependent processes are available to amplify the marker
sequences present in a given template sample. One of the best known amplification methods is
the polymerase chain reaction (referred to as PCR™) which is described in detail in U.S. Patent
Nos. 4,683,195, 4,683,202 and 4,800,159, each incorporated herein by reference in entirety.

Briefly, in PCR™, two primer sequences are prepared that are complementary to
regions on opposite complementary strands of the marker sequence. An excess of
deoxynucleoside triphosphates are added to a reaction mixture along with a DNA polymerase,
e.g., Taq polymerase. Ifthe marker sequence is present in a sample, the primers will bind to the
marker and the polymerase will cause the primers to be extended along the marker sequence by
adding on nucleotides. By raising and lowering the temperature of the reaction mixture, the
extended primers will dissociate from the marker to form reaction products, excess primers will

bind to the marker and to the reaction products and the process is repeated.
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A reverse transcriptase PCR™ amplification procedure may be performed in order to
quantify the amount of mRNA amplified. Methods of reverse transcribing RNA into cDNA are
well known and described in Sambrook eral, 1989. Alternative methods for reverse
transcription utilize thermostable, RNA-dependent DNA polymerases. These methods are
described in WO 90/07641, filed December 21, 1990, incorporated herein by reference.
Polymerase chain reaction methodologies are well known in the art.

Another method for amplification is the ligase chain reaction ("LCR"), disclosed in EPA
No. 320 308, incorporated herein by reference in its entirety. In LCR, two complementary
probe pairs are prepared, and in the presence of the target sequence, each pair will bind to
opposite complementary strands of the target such that they abut. In the presence of a ligase,
the two probe pairs will link to form a single unit. By temperature cycling, as in PCR™, bound
ligated units dissociate from the target and then serve as "target sequences" for ligation of
excess probe pairs. U.S. Patent 4,883,750 describes a method similar to LCR for binding probe
pairs to a target sequence.

Qbeta Replicase, described in PCT Application No. PCT/US87/00880, incorporated
herein by reference, may also be used as still another amplification method in the present
invention. In this method, a replicative sequence of RNA that has a region complementary to
that of a target is added to a sample in the presence of an RNA polymerase. The polymerase
will copy the replicative sequence that can then be detected.

An isothermal amplification method, in which restriction endonucleases and ligases are
used t> achieve the amplification of target molecules that contain nucleotide 5'-[alpha-thio]-
triphosphates in one strand of a restriction site may also be useful in the amplification of
nucleic acids in the present invention.

Strand Displacement Amplification (SDA) is another method of carrying out isothermal
amplification of nucleic acids which involves multiple rounds of strand displacement and
synthesis, i.e., nick translation. A similar method, called Repair Chain Reaction (RCR),
involves annealing several probes throughout a region targeted for amplification, followed by a
repair reaction in which only two of the four bases are present. The other two bases can be
added as biotinylated derivatives for easy detection. A similar approach is used in SDA.
Target specific sequences can also be detected using a cyclic probe reaction (CPR). In CPR, a

probe having 3' and 5' sequences of non-specific DNA and a middle sequence of specific RNA
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is hybridized to DNA that is present in a sample. Upon hybridization, the reaction is treated
with RNase H, and the products of the probe identified as distinctive products that are released
after digestion. The original template is annealed to another cycling probe and the reaction is
repeated.

Still another amplification methods described in GB Application No. 2 202 328, and in
PCT Application No. PCT/US89/01025, each of which is incorporated herein by reference in its
entirety, may be used in accordance with the present invention. In the former application,
"modified" primers are used in a PCR™-like, template- and enzyme-dependent synthesis. The
primers may be modified by labeling with a capture moiety (e.g., biotin) and/or a detector
moiety (e.g., enzyme). In the latter application, an excess of labeled probes are added to a
sample. In the presence of the target sequence, the probe binds and is cleaved catalytically.
After cleavage, the target sequence is released intact to be bound by excess probe. Cleavage of
the labeled probe signals the presence of the target sequence.

Other nucleic acid amplification procedures include transcription-based amplification
systems (TAS), including nucleic acid sequence based amplification (NASBA) and 3SR
(Gingeras et al., PCT Application WO 88/10315, incorporated herein by reference). In
NASBA, the nucleic acids can be prepared for amplification by standard phenol/chloroform
extraction, heat denaturation of a clinical sample, treatment with lysis buffer and minispin
columns for isolation of DNA and RNA or guanidinium chloride extraction of RNA. These
amplification techniques involve annealing a primer which has target specific sequences.
Following polymerization, DNA/RNA hybrids are digested with RNase H while double
stranded DNA molecules are heat denatured again. In either case the single stranded DNA is
made fully double stranded by addition of second target specific primer, followed by
polymerization. The double-stranded DNA molecules are then multiply transcribed by an RNA
polymerase such as T7 or SP6. In an isothermal cyclic reaction, the RNA's are reverse
transcribed into single stranded DNA, which is then converted to double stranded DNA, and
then transcribed once again with an RNA polymerase such as T7 or SP6. The resulting
products, whether truncated or complete, indicate target specific sequences.

Davey et al., EPA No. 329 822 (incorporated herein by reference in its entirety) disclose
a nucleic acid amplification process involving cyclically synthesizing single-stranded RNA

("ssRNA"), ssDNA, and double-stranded DNA (dsDNA), which may be used in accordance
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with the present invention. The ssRNA is a template for a first primer oligonucleotide, which is
elongated by reverse transcriptase (RNA-dependent DNA polymerase). The RNA is then
removed from the resulting DNA:RNA duplex by the action of ribonuclease H (RNase H, an
RNase specific for RNA in duplex with either DNA or RNA). The resultant ssDNA is a
template for a second primer, which also includes the sequences of an RNA polymerase
promoter (exemplified by T7 RNA polymerase) 5' to its homology to the template. This primer
is then extended by DNA polymerase (exemplified by the large "Klenow" fragment of E. coli
DNA polymerase I), resulting in a double-stranded DNA ("dsDNA") molecule, having a
sequence identical to that of the original RNA between the primers and having additionally, at
one end, a promoter sequence. This promoter sequence can be used by the appropriate RNA
polymerase to make many RNA copies of the DNA. These copies can then re-enter the cycle
leading to very swift amplification. With proper choice of enzymes, this amplification can be
done isothermally without addition of enzymes at each cycle. Because of the cyclical nature of
this process, the starting sequence can be chosen to be in the form of either DNA or RNA.

Miller er al., PCT Application WO 89/06700 (incorporated herein by reference in its
entirety) disclose a nucleic acid sequence amplification scheme based on the hybridization of a
promoter/primer sequence to a target single-stranded DNA ("ssDNA") followed by
transcription of many RNA copies of the sequence. This scheme is not cyclic, ie., new
templates are not produced from the resultant RNA transcripts. Other amplification methods
include "RACE" and "one-sided PCR™" (Frohman, 1990, incorporated herein by reference).

Methods based on ligation of two (or more) oligonucleotides in the presence of nucleic
acid having the sequence of the resulting "di-oligonucleotide", thereby amplifying the di-
oligonucleotide, may also be used in the amplification step of the present invention.

Following any amplification, it may be desirable to separate the amplification product
from the template and the excess primer for the purpose of determining whether specific
amplification has occurred. In one embodiment, amplification products are separated by
agarose, agarose-acrylamide or polyacrylamide gel electrophoresis using standard methods
(Sambrook et al., 1989).

Alternatively, chromatographic techniques may be employed to effect separation. There

are many kinds of chromatography which may be used in the present invention: adsorption,
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partition, ion-exchange and molecular sieve, and many specialized techniques for using them
including column, paper, thin-layer and gas chromatography.

Amplification products must be visualized in order to confirm amplification of the
marker sequences. One typical visualization method involves staining of a gel with ethidium
bromide and visualization under UV light. Alternatively, if the amplification products are
integrally labeled with radio- or fluorometrically-labeled nucleotides, the amplification
products can then be exposed to x-ray film or visualized under the appropriate stimulating
spectra, following separation.

In one embodiment, visualization is achieved indirectly. Following separation of
amplification products, a labeled, nucleic acid probe is brought into contact with the amplified
marker sequence. The probe preferably is conjugated to a chromophore but may be
radiolabeled. In another embodiment, the probe is conjugated to a binding partner, such as an
antibody or biotin, and the other member of the binding pair carries a detectable moiety.

In one embodiment, detection is by Southern blotting and hybridization with a labeled
probe. The techniques involved in Southern blotting are well known to those of skill in the art
and can be found in many standard books on molecular protocols. See Sambrook ef al., 1989.
Briefly, amplification products are separated by gel electrophoresis. The gel is then contacted
with a membrane, such as nitrocellulose, permitting transfer of the nucleic acid and non-
covalent binding. Subsequently, the membrane is incubated with a chromophoré-conjugated
probe that is capable of hybridizing with a target amplification product. Detection is by
exposure of the membrane to x-ray film or ion-emitting detection devices.

One example of the foregoing is described in U.S. Patent No. 5,279,721, incorporated
by reference herein, which discloses an apparatus and method for the automated electrophoresis
and transfer of nucleic acids. The apparatus permits electrophoresis and blotting without
external manipulation of the gel and is ideally suited to carrying out methods according to the
present invention.

All the essential materials and reagents required for changes in iNOS and/or
proinflammatory cytokines in a biological sample may be assembled together in a kit. This
generally will comprise preselected primers for specific markers. Also included may be
enzymes suitable for amplifying nucleic acids including various polymerases (RT, Tagq, efc.),

deoxynucleotides and buffers to provide the necessary reaction mixture for amplification. Such
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kits generally will comprise, in suitable means, distinct containers for each individual reagent
and enzyme as well as for each marker primer pair.

In another embodiment, such kits will comprise hybridization probes specific for iNOS,
NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y. Such kits generally will comprise, in
suitable means, distinct containers for each individual reagent and enzyme as well as for each

marker hybridization probe.

Immunodetection Methods

In still further embodiments, the present invention concerns immunodetection methods
for binding, purifying, removing, quantifying or otherwise generally detecting biological
components such as iNOS, NF-kB, TNF-q, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y components.
The antibodies specific for iNOS, NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y may be
prepared in accordance with the present invention may be employed to detect wild-type or
mutant iNOS, NF-kf3, TNF-a, IL-18, IL-2, IL-6, IL-8 and/or IFN-y proteins, polypeptides or
peptides. The steps of various useful immunodetection methods have been described in the
scientific literature, such as, e.g., Nakamura et al. (1987), incorporated herein by reference.

In general, the immunobinding methods include obtaining a sample suspected of
containing an iNOS, NF-kB, TNF-c, IL-1B, IL-2, I1L-6, IL-8 and/or IFN-y protein, polypeptide
or peptide, and contacting the sample with a first anti- iNOS, NF-kpB, TNF-a, IL-18, IL-2, IL-6,
IL-8 and/or IFN-y antibody in accordance with the present invention, as the case may be, under
conditions effective to allow the formation of immunocomplexes.

These methods include methods for purifying wild-type or mutant iNOS, NF -kf3,
TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y proteins, polypeptides or peptides as may be
employed in purifying wild-type or mutant iNOS, NF-k TNF-q, IL-1 B, IL-2, IL.-6, IL-8 and/or
IFN-y proteins, polypeptides or peptides from patients' samples or for purifying recombinantly
expressed wild-type or mutant iNOS, NF-kp, TNF-c, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y
proteins, polypeptides or peptides. In these instances, the antibody removes the antigenic
wild-type or mutant iNOS, NF-kp, TNF-q, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y protein,
polypeptide or peptide component from a sample. The antibody will preferably be linked to a
solid support, such as iﬁ the form of a column matrix, and the sample suspected of containing

the wild-type or mutant iNOS, NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y antigenic
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component will be applied to the immobilized antibody. The unwanted components will be
washed from the column, leaving the antigen immunocomplexed to the immobilized antibody,
which wild-type or mutant iNOS, NF-k@, TNF-a, IL-18, IL-2, IL-6, IL-8 and/or IFN-y antigen
is then collected by removing the wild-type or mutant iNOS, NF-kB, TNF-a, IL-1pB, IL-2, IL-6,
IL-8 and/or IFN-y from the column.

| The immunobinding methods also include methods for detecting or quantifying the
amount of a wild-type or mutant iNOS, NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y
protein reactive component in a sample, which methods require the detection or quantification
of any immune complexes formed during the binding process. Here, one would obtain a
sample suspected of containing a wild-type or mutant iNOS, NF-kB, TNF-a, IL-1B, IL-2, IL-6,
IL-8 and/or IFN-y protein, polypeptide or peptide, and contact the sample with an antibody
against wild-type or mutant iNOS, NF-kp, TNF-a, IL-18, IL-2, IL-6, IL-8 and/or IFN-y, and
then detect or quantify the amount of immune complexes formed under the specific conditions.

In terms of antigen detection, the biological sample analyzed may be any sample that is
suspected of containing a wild-type or mutant iNOS, NF-kB, TNF-q, IL-1B, IL-2, TL-6, IL-8
and/or IFN-y protein-specific antigen, such as a lymphocytes, macrophages, endothelial cells,
astrocytes, microglia, oligodendrocytes and/or neuron tissue section or specimen, a
homogenized lymphocytes, macrophages, endothelial cells, astrocytes, microglia,
oligodendrocytes and/or neuron tissue extract, or even any biological fluid that comes into
contact with diseased lymphocytes, macrophages, endothelial cells, astrocytes, microglia,
oligodendrocytes and neurons tissue, including blood and serum, although tissue samples and
éxtracts are preferred.

Contacting the chosen biological sample with the antibody under conditions effective
and for a period of time sufficient to allow the formation of immune complexes (primary
immune complexes) is generally a matter of simply adding the antibody composition to the
sample and incubating the mixture for a period of time lone enough for the antibodies to form
immune complexes with, i.e., to bind to, any iNOS, NF-kp, TNF-a, IL-18, IL-2, IL-6, IL-8
and/or IFN-y antigens present. After this time, the sample-antibody composition, such as a
tissue section, ELISA plate, dot blot or western blot, will generally be washed to remove any
non-specifically bound antibody species, allowing only those antibodies specifically bound

within the primary immune complexes to be detected.
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In general, the detection of immunocomplex formation is well known in the art and may
be achieved through the application of numerous approaches. These methods are generally
based upon the detection of a label or marker, such as any of those radioactive, fluorescent,
biological or enzymatic tags. U.S. Patents concerning the use of such labels include 3,817,837,
3,850,752; 3,939,350, 3,996,345; 4,277,437; 4,275,149 and 4,366,241, each incorporated herein
by reference. Of course, one may find additional advantages through the use of a secondary
binding ligand such as a second antibody or a biotin/avidin ligand binding arrangement, as is
known in the art.

The iNOS, NF-kf, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y antibody employed in
the detection may itself be linked to a detectable label, wherein one would then simply detect
this label, thereby allowing the amount of the primary immune complexes in the composition to
be determined. Alternatively, the first antibody that becomes bound within the primary
immune complexes may be detected by means of a second binding ligand that has binding
affinity for the antibody. In these cases, the second binding ligand may be linked to a
detectable label. The second binding ligand is itself often an antibody, which may thus be
termed a "secondary” antibody. The primary immune complexes are contacted with the
labeled, secondary binding ligand, or antibody, under conditions effective and for a period of
time sufficient to allow the formation of secondary immune complexes. The secondary
immune complexes are then generally washed to remove any non-specifically bound labeled
secondary antibodies or ligands, and the remaining label in the secondary immune complexes is
then detected.

Further methods include the detection of primary immune complexes by a two step
approach. A second binding ligand, such as an antibody, that has binding affinity for the
antibody is used to form secondary immune complexes, as described above. After washing, the
secondary immune complexes are contacted with a third binding ligand or antibody that has
binding affinity for the second antibody, again under conditions effective and for a period of
time sufficient to allow the formation of immune complexes (tertiary immune complexes). The
third ligand or antibody is linked to a detectable label, allowing detection of the tertiary
immune complexes thus formed. This system may provide for signal amplification if this is

desired.
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In the detection of an alteration in the levels of iNOS, NF -kB, TNF-a, IL-1p, IL-2, IL-6,
IL-8 and/or IFN-y gene message, translation product, and/or activity in or from a biological
sample, such as a cell, tissue, or organism, a comparison is made between a biological sample
upon contact with a candidate suppressor, inhibitor, stimulator, and/or enhancer, to that of a
similar or like biological sample that has not contacted contacted with a candidate suppressor,
inhibitor, stimulator, and/or enhancer. Reduced levels of iNOS, NF-kf, TNF-c, IL-1PB, IL-2,
IL-6, IL-8 and/or IFN-y gene message, translation product, and/or activity of a cell or patient is
indictictive of the candidate substance being a inhibitor or supressor. An enhancer or stimulator
would be indentified by increased levels of iNOS, NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8
and/or IFN-y gene message, translation product, and/or activity. Preferably, the biological
sample has been contacted with a known inducer or enhancer, such as LPS and/or
proinflammatory cytokines, or a suppressor or inhibitor, either before, during, and/or after
contact with the candidate substance, to help measure the candidate substance's effect on the
activity of the known inducer, suppressor, inhibitor, or enhancer. Those of skill in the art are
very familiar with differentiating between significant differences in types or amounts of iNOS,
NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y, which represent a positive identification,
and low level or background changes of iNOS, NF-kp, TNF-a, IL-18, IL-2, IL-6, IL-8 and/or
IFN-y. Indeed, background expression levels are often used to form a "cut-off" above which
increased detection will be scored as significant or positive. In this case, "backgrdund" levels
may be the levels of iNOS, NF-kB, TNF-q, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y seen after
stimulation of a cell or patient with endotoxin and/or a cytokine, preferably a proinflammatory

cytokine.

1. ELISAs
As detailed above, immunoassays, in their most simple and direct sense, are binding
assays. Certain preferred immunoassays are the various types of enzyme linked
immunosorbent assays (ELISAs) and radioimmunoassays (RIA) known in the art.
Immunohistochemical detection using tissue sections is also particularly useful. However, it
will be readily appreciated that detection is not limited to such techniques, and western blotting,

dot blotting, FACS analyses, and the like may also be used.
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In one exemplary ELISA, the anti- iNOS, NF -kB, TNF-o, I1.-1B, IL-2, IL-6, IL-8 and/or
IFN-y antibodies are immobilized onto a selected surface exhibiting protein affinity, such as a
well in a polystyrene microtiter plate. Then, a test composition suspected of containing the
wild-type or mutant iNOS, NF-kB, TNF-q, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y protein
antigen, such as a clinical sample, is added to the wells. After binding and washing to remove
non-specifically bound immune complexes, the bound wild-type or mutant iNOS, NF-kp,
TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y protein antigen may be detected. Detection is
generally achieved by the addition of another anti- iNOS, NF-kB, TNF-a, IL-1pB, IL-2, IL-6,
IL-8 and/or IFN-y antibody that is linked to a detectable label. This type of ELISA is a simple
"sandwich ELISA". Detection may also be achieved by the addition of a second anti- iNOS,
NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y antibody, followed by the addition of a
third antibody that has binding affinity for the second antibody, with the third antibody being
linked to a detectable label.

In another exemplary ELISA, the samples suspected of containing the wild-type or
mutant iNOS, NF-kf, TNF-a, IL-18, IL-2, IL-6, IL-8 and/or IFN-y antigen are immobilized
onto the well surface and then contacted with the anti- iNOS, NF-kfB, TNF-a, IL-1B, IL-2, IL-6,
IL-8 and/or IFN-y antibodies of the invention. After binding and washing to remove non-
specifically bound immune complexes, the bound anti- iINOS, NF-kp, TNF-a, IL-1B, IL-2,
IL-6, IL-8 and/or IFN-y antibodies are detected. Where the initial anti- iNOS, NF-kp, TNF-a,
IL-1B, IL-2, IL-6, IL-8 and/or IFN-y antibodies are linked to a detectable label, the immune
complcxes may be detected directly. Again, the immune complexes may be detected using a
second antibody that has binding affinity for the first anti- iNOS, NF-kB, TNF-a, IL-1B, IL-2,
IL-6, IL-8 and/or IFN-y antibody, with the second antibody being linked to a detectable label.

Another ELISA in which the wild-type or mutant iNOS, NF-kf3, TNF-a, IL-18, IL-2,
IL-6, IL-8 and/or IFN-y proteins, polypeptides or peptides are immobilized, involves the use of
antibody competition in the detection. In this ELISA, labeled antibodies against wild-type or
mutant iNOS, NF-kB, TNF-a, TNF-q, IL-1B3, IL-2, IL-6, IL-8 and/or IFN-y protein are added to
the wells, allowed to bind, and detected by means of their label. The amount of wild-type or
mutant iNOS, NF-kB, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y protein antigen in an
unknown sample is thefl determined by mixing the sample with the labeled antibodies against

wild-type or mutant iNOS, NF-kp, TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y before or
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during incubation with coated wells. The presence of wild-type or mutant iNOS, NF-kp,
TNF-a, IL-1B, IL-2, IL-6, IL-8 and/or IFN-y protein in the sample acts to reduce the amount of
antibody against wild-type or mutant iNOS, NF-kB, TNF-o, IL-1PB, IL-2, IL-6, IL-8 and/or
IFN-y protein available for binding to the well and thus reduces the ultimate signal. This is also
appropriate for detecting antibodies against wild-type or mutant iNOS, NF -kB, TNF-a, IL-18,
IL-‘2, IL-6, IL-8 and/or IFN-y protein in an unknown sample, where the unlabeled antibodies
bind to the antigen-coated wells and also reduces the amount of antigen available to bind the
labeled antibodies.

Irrespective of the format employed, ELISAs have certain features in common, such as
coating, incubating or binding, washing to remove non-specifically bound species, and
detecting the bound immune complexes. These are described below.

In coating a plate with either antigen or antibody, one will generally incubate the wells
of the plate with a solution of the antigen or antibody, either overnight or for a specified period
of hours. The wells of the plate will then be washed to remove incompletely adsorbed material.
Any remaining available surfaces of the wells are then "coated" with a nonspecific protein that
is antigenically neutral with regard to the test antisera. These include bovine serum albumin
(BSA), casein and solutions of milk powder. The coating allows for blocking of nonspecific
adsorption sites on the immobilizing surface and thus reduces the background caused by
nonspecific binding of antisera onto the surface.

In ELISAs, it is probably more customary to use a secondary or tertiary detection means
rather than a direct procedure. Thus, after binding of a protein or antibody to the well, coating
With a non-reactive material to reduce background, and washing to remove unbound material,
the immobilizing surface is contacted with the biological sample to be tested under conditions
effective to allow immune complex (antigen/antibody) formation. Detection of the immune
complex then requires a labeled secondary binding ligand or antibody, or a secondary binding
ligand or antibody in conjunction with a labeled tertiary antibody or third binding ligand.

"Under conditions effective to allow immune complex (antigen/antibody) formation"
means that the conditions preferably include diluting the antigens and antibodies with solutions
such as BSA, bovine gamma globulin (BGG) and phosphate buffered saline (PBS)/Tween.

These added agents also tend to assist in the reduction of nonspecific background.
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The "suitable” conditions also mean that the incubation is at a temperature and for a
period of time sufficient to allow effective binding. Incubation steps are typically from about
1to 2 to 4 hours or so, at temperatures preferably on the order of 25°C to 27°C, or may be
overnight at about 4°C or so.

Following all incubation steps in an ELISA, the contacted surface is washed so as to
remove non-complexed material. A preferred washing procedure includes washing with a
solution such as PBS/Tween, or borate buffer. Following the formation of specific immune
complexes between the test sample and the originally bound material, and subsequent washing,
the occurrence of even minute amounts of immune complexes may be determined.

To provide a detecting means, the second or third antibody will have an associated label
to allow detection. Preferably, this will be an enzyme that will generate color development
upon incubating with an appropriate chromogenic substrate. Thus, for example, one will desire
to contact and incubate the first or second immune complex with a urease, glucose oxidase,
alkaline phosphatase or hydrogen peroxidase-conjugated antibody for a period of time and
under conditions that favor the development of further immune complex formation (e.g.,
incubation for 2 hours at room temperature in a PB S-containing solution such as PBS-Tween).

After incubation with the labeled antibody, and subsequent to washing to remove
unbound material, the amount of label is quantified, e.g., by incubation with a chromogenic
substrate such as urea and bromocresol purple or 2.2'-azino-di-(3-ethyl-benzthiazoline-6-
sulfonic acid (ABTS) and H,0,, in the case of peroxidase as the enzyme label. Quantification
is then achieved by measuring the degree of color generation, e.g., using a visible spectra

spectrophotometer.

2. Immunohistochemistry
The antibodies of the present invention may also be used in conjunction with both fresh-
frozen and formalin-fixed, paraffin-embedded tissue blocks prepared for study by
immunohistochemistry (IHC). The method of preparing tissue blocks from these particulate
specimens has been successfully used in previous IHC studies of various prognostic factors,
and is well known to those of skill in the art (Brown er al., 1990; Abbondanzo et al., 1990;
Allred et al., 1990).
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Briefly, frozen-sections may be prepared by rehydrating 50 ng of frozen "pulverized"
tissue at room temperature in phosphate buffered saline (PBS) in small plastic capsules;
pelleting the particles by centrifugation; resuspending them in a viscous embedding medium
(OCT); inverting the capsule and pelleting again by centrifugation; snap-freezing in -70°C
isopentane; cutting the plastic capsule and removing the frozen cylinder of tissue; securing the
tissue cylinder on a cryostat microtome chuck; and cutting 25-50 serial sections.

Permanent-sections may be prepared by a similar method involving rehydration of the
50 mg sample in a plastic microfuge tube; pelleting; resuspending in 10% formalin for 4 hours
fixation; washing/pelleting; resuspending in warm 2.5% agar; pelleting; cooling in ice water to
harden the agar; removing the tissue/agar block from the tube; infiltrating and embedding the

block in paraffin; and cutting up to 50 serial permanent sections.

Second Generation Inhibitors or Enhancers

In addition to the inhibitory compounds initially identified, the inventor also
contemplates that other sterically similar compounds may be formulated to mimic the key
portions of the structure of the inhibitors and/or enhancers. Such compounds, which may
include peptidomimetics of peptide inhibitors and/or enhancer, may be used in the same manner
as the initial inhibitors and/or enhancers.

Certain mimetics that mimic elements of protein secondary structure are deéigned using
the rationale that the peptide backbone of proteins exists chiefly to orientate amino acid side
chains in such a way as to facilitate molecular interactions. A peptide mimetic is thus designed
to permit molecular interactions similar to the natural molecule.

Some successful applications of the peptide mimetic concept have focused on mimetics
of B-turns within proteins, which are known to be highly antigenic. Likely B-turn structure
within a polypeptide can be predicted by computer-based algorithms, as is well known to the
skilled artisan. Once the component amino acids of the turn are determined, mimetics can be
constructed to achieve a similar spatial orientation of the essential elements of the amino acid
side chains.

The generation of further structural equivalents or mimetics may be achieved by the
techniques of modeling and chemical design known to those of skill in the art. The art of

computer-based chemical modeling is now well known. Using such methods, a chemical that
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specifically inhibits iNOS and/or proinflammatory cytokines can be designed, and then
synthesized, following the initial identification of a compound that inhibits iNOS and/or
proinflammatory cytokines activity and/or induction, but that is not specific or sufficiently
specific to inhibit iNOS activity in individuals suffering from demylenating diseases or neural
trauma. Also using such methods, a chemical that specifically enhances iNOS and/or
proinflammatory cytokines can be designed, and then synthesized, following the initial
identification of a compound that enhances iNOS and/or proinflammatory cytokines activity
and/or induction. It will be understood that all such sterically similar constructs and second

generation molecules fall within the scope of the present invention.

Optimization in Therapy

A compound identified as having the ability to inhibit or enhance the induction of iINOS
and/or cytokines can be assayed its optimum therapeutic dosage alone or in combination with
another anti-iNOS, anti-cytokine or anti-inflammatory agent. Such assays are well known to
those of skill in the art, and include tissue culture or animal models for various disorders that
are treatable with such agents.

Examples of such assays include those described herein and in U.S. Pat. No. 5,696,109,
the disclosure of which is incorporated herein by reference in its entirety. For instance, an assay
to determine the therapeutic potential of molecules in brain ischemia (stroke) evaluates an
agent's ability to prevent irreversible damage induced by an anoxic episode in brain slices
maintained under physiological conditions. An animal model of Parkinson's disease involving
latrogenic hydroxyl radical generation by the neurotoxin MPTP (Chiueh er al., 1992,
incorporated herein by reference) may be used to evaluate the protective effects of iNOS or pro-
inflammatory cytokine induction inhibitors. The neurotoxin, MPTP, has been shown to lead to
the degeneration of dopaminergic neurons in the brain, thus providing a good model of
experimentally induced Parkinson's disease (e.g., iatrogenic toxicity). An animal model of
ischemia and reperfusion damage is described using isolated iron-overloaded rat hearts to
measure the protective or therapeutic benefits of an agent.  Briefly, rats receive an
intramuscular injection of an iron-dextran solution to achieve a significant iron overload in
cardiac tissue. Heart are then isolated and then subjected to total global normothermic ischemia,

followed by reperfusion with the perfusion medium used initially. During this reperfusion, heart



10

15

20

25

30

WO 99/26657 PCT/US98/25360

57

rate, and diastolic and systolic pressures were monitored. Cardiac tissue samples undergo the
electron microscopy evaluation to measure damage to mitochondria such as swelling and
membrane rupture, and cell necrosis. Comparison of measured cardiac function and cellular
structural damage with or without the agent or iron-overloading after ischemia/reoxygenation is
used to determine the therapeutic effectiveness of the agent. Another assay measures acute
luﬁg injury (ALI) in sepsis and endotoxemia. LPS/endotoxin-induced ALI in pigs may be used
as a model to measure the effectiveness of an agent for the treatment of sepsis-induced ALI in
humans. After infusion of LPS/endotoxin, changes in lung wet-to-dry weight ratio, lung lipid
peroxidation, pulmonary arterial hypertension, arterial hypoxemia and decreased dynamic
pulmonary compliance is measured to determine the effectiveness of an agent in preventing
LPS/endotoxin induced damage.

One of skill in the art will recognize that there are other assays and models for disease
states available, including testing in humans. These assays may be used to measure the
effectiveness of iNOS and/or pro-inflammatory cytokine induction suppressor and/or inhibitor
agent for a particular disease or condition, determine the best agent or combination of agents to

be used, and determine the dosages for administration, with routine experimentation.

Combination Therapy

The suppressor agents of the invention may also be used in combination with other
therapeutic agents, for example, anti-inflammatory agents, particularly non-steroidal anti-
_inﬂammatory drugs (NSAIDs), vasodilator prostaglandins including prostacyclin and
prostaglandin E sub 1, cancer chemotherapeutic agents including cisplatin, NO donors or NO

inhalation therapy, or PAF--receptor antagonists.

Pharmaceutical Compositions

A further aspect of the invention are compositions comprising a first iNOS and/or
proinflammatory cytokine inhibitor and/or induction suppressor in a
pharmaceutically-acceptable excipient. In a preferred embodiment, the iNOS and/or
proinflammatory cytokine inhibitor and/or induction suppressor is selected from the group
consisting of lovastatin, mevastatin, FPT inhibitor II, forskolin, rolipram, phenylacetate

(NaPA), N-acetyl cysteine (NAO), PDTC, 4-phenylbutyrate (4PBA),
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5-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,
8-bromo-cAMP, (S)-cAMP, and salts, analogs, or derivatives thereof.

A further aspect of the invention is a composition which comprises at least two iNOS
and/or proinflammatory cytokine inhibitor and/or induction suppressor in a
pharmaceutically-acceptable excipient. In a preferred embodiment, at least one of the iNOS
and/or proinflammatory cytokine inhibitors or suppressors is selected from the group consisting
of lovastatin, mevastatin, FPT inhibitor II, forskolin, rolipram, phenylacetate (NaPA), N-acetyl
cysteine (NAC), PDTC, 4-phenylbutyrate (4PBA), 5-aminoimmidazole-4-carboxamide
ribonucleoside (AICAR), theophylline, papaverine, cAMP, 8-bromo-cAMP, (S)-cAMP, and
salts, analogs, or derivatives thereof.

A further aspect of the invention are compositions comprising a first iNOS and/or
proinflammatory cytokine stimulator, enhancer, or inducer in a pharmaceutically-acceptable
excipient. A further aspect of the invention is a composition which comprises at least two
INOS  and/or proinflammatory cytokine stimulator, enhancer, or inducer in a
pharmaceutically-acceptable excipient. In another embodiment, the enhancer, stimulator or
inducer of iNOS or proinflammatory cytokines is H-89, myristoylated PKI, (R)-cAMP,
forskolin, 8-bromo-cAMP, rolipram and salts, analogs, or derivatives thereof. Inducers,
stimulators or enhancers of iNOS and/or proinflammatory cytokines may be tissue specific, and
such tissues include microglia cells.

In certain embodiments, the suppressors, inhibitors, stimulators, enhancers and/or
inducers of iNOS and/or proinflammatory cytokines may be administered of from about 0.001
mg per kg body weight per day (mg/kg/day) to about 20 mg/kg/day. Of course it is understood
that of from about 0.001 mg/kg/day to about 20 mg/kg/day includes doses of from about 0.001,
about 0.002, about 0.003, about 0.004, about 0.005, about 0.006, about 0.007, about 0.008,
about 0.009, about 0.01, about 0.011, about 0.012, about 0.013, about 0.014, about 0.015, about
0.016, about 0.017, about 0.018, about 0.019, about 0.02, about 0.021, about 0.022, about
0.023, about 0.024, about 0.025, about 0.026, about 0.027, about 0.028, about 0.029, about
0.03, about 0.032, about 0.034, about 0.036, about 0.038, about 0.04, about 0.042, about 0.044,
about 0.046, about 0.048, about 0.05, about 0.055, about 0.06, about 0.065, about 0.07, about
0.075, about 0.08, about 0.085, about 0.09, about 0.095, about 0.10, about 0.11, about 0.12,
about 0.13, about 0.14, about 0.15, about 0.16, about 0.17, about 0.18, about 0.19, about 0.20,
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about 0.21, about 0.22, about 0.23, about 0.24, about 0.25, about 0.26, about 0.27, about 0.28,
about 0.29, about 0.30, about 0.31, about 0.32, about 0.33, about 0.34, about 0.35, about 0.36,
about 0.37, about 0.38, about 0.39, about 0.40, about 0.41, about 0.42, about 0.43, about 0.44,
about 0.45, about 0.46, about 0.47, about 0.48, about 0.49, about 0.50, about 0.51, about 0.52,
about 0.53, about 0.54, about 0.55, about 0.56, about 0.57, about 0.58, about 0.59, about 0.60,
about 0.65, about 0.70, about 0.75, about 0.80, about 0.85, about 0.90, about 0.95, about 1.00,
about 1.05, about 1.10, about 1.15, about 1.20, about 1.25, about 1.30, about 1.35, about 1.40,
about 1.45, about 1.50, about 1.55, about 1.60, about 1.65, about 1.70, about 1.75, about 1.80,
about 1.85, about 1.90, about 1.95, about 2.00, about 2.10, about 2.20, about 2.30, about 2.40,
about 2.50, about 2.60, about 2.70, about 2.80, about 2.90, about 3.00, about 3.10, about 3.20,
about 3.30, about 3.40, about 3.50, about 3.60, about 3.70, about 3.80, about 3.90, about 4.00,
about 4.10, about 4.20, about 4.30, about 4.40, about 4.50, about 4.60, about 4.70, about 4.80,
about 4.90, about 5.00, about 5.25, about 5.5, about 5.75, about 6.00, about 6.25, about 6.5,
about 6.75, about 7.0, about 7.25, about 7.5, about 7.75, about 8.00, about 8.25, about 8.5,
about 8.75, about 9.0, about 9.25, about 9.5, about 9.75, about 10.00, about 10.5, about 11.0,
about 11.5, about 12.00, about 12.5, about 13, about 13.5, about 14.00, about 14.5, about 15,
about 15.5, about 16, about 16.5, about 17.0, about 17.5, about 18.00, about 18.5, about 19.0,
about 19.5, and about 20.00 mg/kg/day. One may select any dosages described herein as a
range of dosage administration, such as a range of about 1.45 mg/kg/day té about 11
mg/kg/day, or about 0.24 mg/kg/day to about 14 mg/kg/day, etc., as well as any values within
such ranges that are not specifically recited.

One of skill in the art will recognize that the toxicity for different suppressors,
inhibitors, enhancer, stimulator and/or inducers of iNOS and/or proinflammatory cytokines
either alone, in combination with each other, or in combination with other pharmaceuticals may
limit the maximum dose administered to a patient. Dosage optimization for maximum benefits
with minimal toxicity in a patient may be optimized by those of skill in the art without undue
experimentation using any method to determine optimum dosage in a patient as is known to
those of the art, or using the mc;thods described herein. Additionally, the suppressors,
inhibitors, enhancer, stimulator and/or inducers of the present invention may be obtained from
comimercial vendors and administered in any of the methods or dosages described in exemplary

texts, such as "Remington's Pharmaceutical Sciences" 8th and 15th Editions; the "Physicians'
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Desk Reference", 1998 Edition, the Merck Index, 11th Edition, each incorporated herein in
their entirety).

In certain preferred embodiments, lovastatin or mevastatin is taken orally with food
once daily at about 0.01 mg per kg body weight per day (mg/kg/day) to about 0.24 mg/kg/day.
Of course it is understood that about 0.01 mg/kg/day to about 0.24 mg/kg/day includes doses of
about 0.01, about 0.02, about 0.03, about 0.04, about 0.05, about 0.06, about 0.07, about 0.08,
about 0.09, about 0.10, about 0.11, about 0.12, about 0.13, about 0.14, about 0.15, about 0.16,
about 0.17, about 0.18, about 0.19, about 0.20, about 0.21, about 0.22, about 0.23, to about 0.24
mg/kg or so per day. In a preferred embodiment, lovastatin or mevastatin is taken orally with
food once daily at about 0.25 mg per kg body weight per day (mg/kg/day) to about 0.55
mg/kg/day. Of course it is understood that about 0.25 mg/kg/day to about 0.55 mg/kg/day
includes doses of about 0.25, about 0.26, about 0.27, about 0.28, about 0.29, about 0.30, about
0.31, about 0.32, about 0.33, about 0.33, about 0.34, about 0.35, about 0.36, about 0.37, about
0.38, about 0.39, about 0.40, about 0.41, about 0.42, about 0.43, about 0.44, about 0.45, about
0.46, about 0.47, about 0.48, about 0.49, about 0.50, about 0.51, about 0.52, about 0.53, about
0.54, to about 0.55 mg/kg or so per day. When two or more iNOS and/or proinflammatory
cytokine inhibitors and/or induction suppressors are administered, the combined dose of two or
more iNOS and/or proinflammatory cytokine inhibitors and/or induction suppressors is
preferably about 0.25 mg/kg/day to about 0.55 mg/kg/day. It is also specifically contemplated
by the inventor that a patient may be treated with about 0.55 mg/kg/day to about 5 mg per day
or more of lovastatin and/or mevastatin, including about 0.60, about 0.65, about 0.70, about
0.75, about 0.80, about 0.85, about 0.90, about 0.95, about 1.00, about 1.05, about 1.10, about
1.15, about 1.20, about 1.25, about 1.30, about 1.35, about 1.40, about 1.45, about 1.50, about
1.55, about 1.60, about 1.65, about 1.70, about 1.75, about 1.80, about 1.85, about 1.90, about
1.95, about 2.00, about 2.05, about 2.10, about 2.15, about 2.20, about 2.25, about 2.30, about
2.35, about 2.40, about 2.45, about 2.50, about 2.55, about 2.60, about 2.65, about 2.70, about
2.75, about 2.80, about 2.85, about 2.90, about 2.95, about 3.00, about 3.10, about 3.20, about
3.30, about 3.40, about 3.50, about 3.60, about 3.70, about 3.80, about 3.90, about 4.00, about
4.10, about 4.20, about 4.30, about 4.40, about 4.50, about 4.60, about 4.70, about 4.80, about

4.90, to about 5.00 mg/kg or more per day. Compositions for such treatment are described in,
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for example U.S. Pat. Nos. 3,983,140, and 4,231,938, the disclosures of which are incorporated
herein by reference in their entirety.

In yet another preferred embodiment of the invention nitric oxide induced cytotoxicity
may be prevented or reduced in a patient by treatment with from about 0.01 mg/kg/day to about
2.0 mg/kg/day of rolipram, including about 0.01, about 0.02, about 0.04, about 0.06, about
0.0'8, about 0.10, about 0.12, about 0.14, about 0.16, about 0.18, about 0.20, about 0.22, about
0.24, about 0.26, about0.28, about 0.30, about 0.32, about 0.34, about 0.36, about 0.38, about
0.40, about 0.42, about 0.44, about 0.46, about 0.48, about 0.50, about 0.52, about 0.54, about
0.56, about 0.58, about 0.60, about 0.62, about 0.64, about 0.66, about 0.68, about 0.70, about
0.72, about 0.74, about 0.76, about0.78, about 0.80, about 0.82, about 0.84, about 0.86, about
0.88, about 0.90, about 0.92, about 0.94, about 0.96, about 0.98, about 1.00, about 1.01, about
1.02, about 1.04, about 1.06, about 1.08, about 1.10, about 1.12, about 1.14, about 1.16, about
1.18, about 1.20, about 1.22, about 1.24, about 1.26, about1.28, about 1.30, about 1.32, about
1.34, about 1.36, about 1.38, about 1.40, about 1.42, about 1.44, about 1.46, about 1.48, about
1.50, about 1.52, about 1.54, about 1.56, about 1.58, about 1.60, about 1.62, about 1.64, about
1.66, about 1.68, about 1.70, about 1.72, about 1.74, about 1.76, about 1.78, about 1.80, about
1.82, about 1.84, about 1.86, about 1.88, about 1.90, about 1.92, about 1.94, about 1.96, about
1.98, to about 1.00 or more mg/kg/day. Preferably 0.1 mg/kg/day to about 0.7 mg/kg/day is
used and most preferably about 0.5 mg/kg/day. Compositions for such treatment have been
described in, for example, U.S. Pat. No. 5,672,622, specifically incorporated herein by
reference in its entirety.

| In yet another preferred embodiment of the invention, nitric oxide induced cytotoxicity
may be prevented or reduced in a patient by treatment with about 0.01 mg/kg/day to about 1.0
mg/kg/day of forskolin, including about about 0.01, about 0.02, about 0.04, about 0.06, about
0.08, about 0.10, about 0.12, about 0.14, about 0.16, about 0.18, about 0.20, about 0.22, about
0.24, about 0.26, about 0.28, about 0.30, about 0.32, about 0.34, about 0.36, about 0.38, about
0.40, about 0.42, about 0.44, about 0.46, about 0.48, about 0.50, about 0.52, about 0.54, about
0.56, about 0.58, about 0.60, about 0.62, about 0.64, about 0.66, about 0.68, about 0.70, about
0.72, about 0.74, about 0.76, about(.78, about 0.80, about 0.82, about 0.84, about 0.86, about
0.88, about 0.90, about 0.92, about 0.94, about 0.96, about 0.98, and about 1.0 or more
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mg/kg/day. Compositions for such treatment have been described in, for example, U.S. Patent
No. 5,371,104, incorporated herein by reference in its entirety.

In still yet another preferred embodiment of the invention, nitric oxide induced
cytotoxicity may be prevented or reduced in a patient by treatment with about 0.1 mg/kg/day to
about 20 mg/kg/day of a farnesyl protein transferase inhibitor, for example, FPT II.
Specifically contemplated is any dose within this range, including about 0.1, about 0.5, about
1.0, about 1.5, about 2.0, about 2.5, about 3.0, about 3.5, about 4.0, about 4.5, about 5.0, about
5.5, about 6.0, about 6.5, about 7.0, about 7.5, about 8.0, about 8.5, about 9.0, about 9.5, about
10.0, about 10.5, about 11.0, about 11.5, about 12.0, about 12.5, about 13.0, about 13.5, about
14.0, about 14.5, about 15.0, about 15.5, about 16.0, about 16.5, about 17.0, about 17.5, about
18.0, about 18.5, about 19.0, about 19.5 and 20.0 or more mg/kg/day. Preferably about 0.5
mg/kg/day to 10 mg/kg/day is used. Compositions for such treatment are described in, for
example, U.S. Pat. No. 5,420,157, specifically incorporated herein by reference in its entirety.

In still yet another preferred embodiment of the invention, nitric oxide induced
cytotoxicity may be prevented or reduced in a patient by treatment with up to about
50 mg/kg/day of N-acetyl cysteine. Of course, it will be understood that up to about 50
mg/kg/day includes all dosages described above generically for the INOS and/or
proinflammatory cytokine inhibitors and/or induction suppressors of the present invention, and
dosages of from about 20 mg/kg/day to about 50 mg/kg/day, including of from about 20, about
20.5, about 21, about 21.5, about 22.0, about 22.5, about 23, about 23.5, about 24, about 24.5,
about 25, about 25.5, about 26, about 26.5, about 27, about 27.5, about 28, about 28.5, about
29, about 29.5, about 30, about 30.5, about 31.5, about 32, about 32.5, about 33, about 33.5,
about 34, about 34.5, about 35, about 35.5, about 36, about 36.5, about 37, about 37.5, about
38, about 38.5, about 39, about 39.5, about 40, about 40.5, about 41, about 41.5, about 42,
about 42.5, about 43, about 43.5, about 44, about 44.5, about 45, about 45.5, about 46, about
46.5, about 47, about 47.5, about 48, about 48.5, about 49, about 49.5, and about 50.0 or more
mg/kg/day. Specific compositions for such treatment are disclosed in, for example, U.S. Pat.

No. 5,080,960, incorporated herein by reference in its entirety.
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Contemplated Ranges for Dose Administration in the Methods of the Invention

Lovastatin

Mevastatin

Phenyl Acetic Acid

N-acetyl Cysteine

PTDC

Forskolin

Rolipram

cAMP

8-bromo-cAMP

Range

Preferred Range

More Preferred Range
Range

Preferred Range
More Preferred Range
Range

Range

Preferred Range

Range

Range

Preferred Range

Range

Preferred Range
More Preferred Range

Even More Preferred

Range
Range

Range

About 0.001 mg/kg/day to about
20.00 mg/kg/day

About 0.01 to about 5.00 mg/kg/day
About 0.25 to about 0.55 mg/kg/day
About 0.001 mg/kg/day
20.00 mg/kg/day

About 0.01 to about 5.00 mg/kg/day
About 0.25 to about 0.55 mg/kg/day
About 0.001 mg/kg/day to about
20.00 mg/kg/day

About 0.001
50.00 mg/kg/day

About 0.1 to about 5.0 mg/kg/day
About 0.001
20.00 mg/kg/day

About 0.001 mg/kg/day to about 20.00

to about

mg/kg/day to about

mg/kg/day to about

mg/kg/day

About 0.01 to about 1.0 mg/kg/day
About 0.001 mg/kg/day to about 20.00
mg/kg/day

About 0.01 to about 2.0 mg/kg/day
About 0.1 to about 0.7 mg/kg/day
About 0.5 mg/kg/day

About 0.001 mg/kg/day to about 20.00
mg/kg/day
About 0.001 mg/kg/day to about 20.00
mg/kg/day
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Table 1 - Continued

FTP inhibitor II Range About 0.001 mg/kg/day to about 20.00

mg/kg/day
Preferred Range About 0.1 to about 20.0 mg/kg/day
More Preferred Range About 0.5 to about 10.0 mg/kg/day

H-89 Range About 0.001 mg/kg/day to about 20.00
mg/kg/day

Myristoylated PKI More Preferred Range About 0.001 mg/kg/day to about 20.00
mg/kg/day

(R)-cAMP More Preferred Range About 0.001 mg/kg/day to about 20.00
mg/kg/day _

(S)-cAMP Range About 0.001 mg/kg/day to about 20.00
mg/kg/day

4-phenylbutyrate Range About 0.001 mg/kg/day to about 20.00

(4PBA) mg/kg/day

S-aminoimmidazole- Range About 0.001 mg/kg/day to about 20.00

4-carboxamide mg/kg/day

ribonucleoside

(AICAR)

theophylline Range About 0.001 mg/kg/day to about
20.00 mg/kg/day

papaverine Range About 0.001 mg/kg/day to about 20.00

mg/kg/day

The pharmaceutical compositions disclosed herein may be orally administered, for
example, with an inert diluent or with an assimilable edible carrier, or they may be enclosed in
hard or soft shell gelatin capsule, or they may be compressed into tablets, or they may be
incorporated directly with the food of the diet. For oral therapeutic administration, the active

compounds may be incorporated with excipients and used in the form of ingestible tablets,

buccal tables, troches, capsules, elixirs, suspensions, syrups, wafers, and the like.

compositions and preparations should contain at least 0.1% of active compound.
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percentage of the compositions and preparations may, of course, be varied and may
conveniently be between about 2 to about 60% of the weight of the unit. The amount of active
compounds in such therapeutically useful compositions is such that a suitable dosage will be
obtained. It will be understood to one of skill in the art that the actual amount of active
ingredient used may vary depending on a number of variables such as the symtpoms of the
paﬁent, the size of the patient and the age of the patient.

The tablets, troches, pills, capsules and the like may also contain the following: a
binder, as gum tragacanth, acacia, cornstarch, or gelatin; excipients, such as dicalcium
phosphate; a disintegrating agent, such as corn starch, potato starch, alginic acid and the like; a
lubricant, such as magnesium stearate; and a sweetening agent, such as sucrose, lactose or
saccharin may be added or a flavoring agent, such as peppermint, oil of wintergreen, or cherry
flavoring. When the dosage unit form is a capsule, it may contain, in addition to materials of
the above type, a liquid carrier. Various other materials may be present as coatings or to
otherwise modify the physical form of the dosage unit. For instance, tablets, pills, or capsules
may be coated with shellac, sugar or both. A syrup of elixir may contain the active compounds
sucrose as a sweetening agent methyl and propylparabens as preservatives, a dye and flavoring,
such as cherry or orange flavor. Of course, any material used in preparing any dosage unit form
should be pharmaceutically pure and substantially non-toxic in the amounts employed. In
addition, the active compounds may be incorporated into sustained-release preparation and
formulations.

The active compounds may also be administered parenterally e.g. intraperitoneally or
intravascularly. Solutions of the active compounds as free base or pharmacologically
acceptable salts can be prepared in water suitably mixed with a surfactant, such as
hydroxypropylcellulose. Dispersions can also be prepared in glycerol, liquid polyethylene
glycols, and mixtures thereof and in oils. Under ordinary conditions of storage and use, these
preparations may contain a preservative to prevent the growth of microorganisms.

The pharmaceutical forms suitable for injectable use include sterile aqueous solutions or
dispersions and sterile powders for the extemporaneous preparation of sterile injectable
solutions or dispersions. In all cases the form must be sterile and must be fluid to the extent
that easy syringability exists. It must be stable under the conditions of manufacture and storage

and must be preserved against the contaminating action of microorganisms, such as bacteria
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and fungi. The carrier can be a solvent or dispersion medium containing, for example, water,
ethanol, polyol (for example, glycerol, propylene glycol, and liquid polyethylene glycol, and
the like), suitable mixtures thereof, and vegetable oils. The proper fluidity can be maintained,
for example, by the use of a coating, such as lecithin, by the maintenance of the required
particle size in the case of dispersion and by the use of surfactants. The prevention of the action
of microorganisms can be brought about by various antibacterial and antifungal agents, for
example, parabens, chlorobutanol, phenol, sorbic acid, thimerosal, and the like. In many cases,
it will be preferable to include isotonic agents, for example, sugars or sodium chioride.
Prolonged absorption of the injectable compositions can be brought about by the use in the
compositions of agents delaying absorption, for example, aluminum monostearate and gelatin.

Sterile injectable solutions are prepared by incorporating the active compounds in the
required amount in the appropriate solvent with various of the other ingredients enumerated
above, as required, followed by filtered sterilization. Generally, dispersions are prepared by
incorporating the various sterilized active ingredients into a sterile vehicle which contains the
basic dispersion medium and the required other ingredients from those enumerated above. In
the case of sterile powders for the preparation of sterile injectable solutions, the preferred
methods of preparation are vacuum-drying and freeze-drying techniques which yield a powder
of the active ingredient plus any additional desired ingredient from a previously sterile-filtered
solution thereof.

As used herein, "pharmaceutically acceptable carrier”" includes any and all solvents,
dispersion media, coatings, antibacterial and antifungal agents, isotonic and absorption delaying
agents and the like. The use of such media and agents for pharmaceutical active substances is
well known in the art. Except insofar as any conventional media or agent is incompatible with
the active ingredient, its use in the therapeutic compositions is contemplated. Supplementary
active ingredients can also be incorporated into the compositions.

For oral prophylaxis the polypeptide may be incorporated with excipients and used in
the form of non-ingestible mouthwashes and dentifrices. A mouthwash may be prepared
incorporating the active ingredient in the required amount in an appropriate solvent, such as a
sodium borate solution (Dobell's Solution). Alternatively, the active ingredient may be
incorporated into an antiseptic wash containing sodium borate, glycerin and potassium

bicarbonate. The active ingredient may also be dispersed in dentifrices, including: gels, pastes,
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powders and slurries. The active ingredient may be added in a therapeutically effective amount
to a paste dentifrice that may include water, binders, abrasives, flavoring agents, foaming
agents, and humectants.

The phrase "pharmaceutically-acceptable" refers to molecular entities and compositions
that do not produce an allergic or other untoward reaction when administered to a human. The
preparation of an aqueous composition that contains a protein as an active ingredient is well
understood in the art. Typically, such compositions are prepared as injectables, either as liquid
solutions or suspensions; solid forms suitable for solution in, or suspension in, liquid prior to
injection can also be prepared. The preparation can also be emulsified.

The composition can be formulated in a neutral or salt form.
Pharmaceutically-acceptélble salts, include the acid addition salts (formed with the free amino
groups of the protein) and which are formed with inorganic acids such as, for example,
hydrochloric or phosphoric acids, or such organic acids as acetic, oxalic, tartaric, mandelic, and
the like. Salts formed with the free carboxyl groups can also be derived from inorganic bases
such as, for example, sodium, potassium, ammonium, calcium, or ferric hydroxides, and such
organic bases as isopropylamine, trimethylamine, histidine, procaine and the like. Upon
formulation, solutions will be administered in a manner compatible with the dosage formulation
and in such amount as is therapeutically effective. The formulations are easily administered in
a variety of dosage forms such as injectable solutions, drug release capsules and the iike.

For parenteral administration in an aqueous solution, for example, the solution should
be suitably buffered if necessary and the liquid diluent first rendered isotonic with sufficient
saline or glucose. These particular aqueous solutions are especially suitable for intravenous,
intramuscular, subcutaneous and intraperitoneal administration. In this connection, sterile
aqueous media which can be employed will be known to those of skill in the art in light of the
present disclosure. For example, one dosage could be dissolved in 1 ml of isotonic NaCl
solution and either added to 1000 ml of hypodermoclysis fluid or injected at the proposed site
of infusion, (see for example, "Remington's Pharmaceutical Sciences" 15th Edition, pages
1035-1038 and 1570-1580). Some variation in dosage will necessarily occur depending on the
condition of the subject being treated. The person responsible for administration will, in any

event, determine the appropriate dose for the individual subject. Moreover, for human
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administration, preparations should meet sterility, pyrogenicity, general safety and purity

standards as required by FDA Office of Biologics standards.

Therapeutic Kits

In one aspect, the invention provides a therapeutic kit comprising, in suitable container
means, a therapeutically-effective amount of one or more iNOS inhibitors and/or
proinflammatory cytokine inhibitors and/or induction suppressors selected from the group
consisting of lovastatin, mevastatin, FPT inhibitor I, forskolin, rolipram, phenylacetate
(NaPA), N-acetyl cysteine (NAO), PDTC, 4-phenylbutyrate (4PBA),
S-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,
8-bromo-cAMP, (S)-cAMP, and salts, analogs, or derivatives therefrom, and if desired, a
pharmaceutically acceptable excipient. The compositions may be formulated such that they are
suitable for oral or parenteral administration.

In another aspect, the invention provides a therapeutic kit comprising, in suitable
container means, a therapeutically-effective amount of one or more iNOS inhibitors and/or
proinflammatory cytokine inhibitors and/or induction suppressors selected from agents that
have certain traits or modes of action common to those of the suppressors and/or inhibitors
identified herein. Preferred substances would either inhibit the Ras/Raf/MAP kinase pathway,
inhibit and/or suppress the induction and/or activation of NF-kB, inhibit mevalonate synthesis,
be an enhancer of protein kinase A, and/or inhibit the farnasylation of proteins, including but
not limited to Ras. In certain embodiments the inhibitor of mevalonate synthesis may be an
inhibitor of HMG-CoA reductase or suppressor of its induction. In certain aspects the inhibitor
of HMG-CoA reductase is a stimulator of AMP-activated protein kinase. In certain other
embodiments the inhibitor of of inducible nitric oxide synthase and/or proinflammatory
cytokines may be an inhibitor of mevalonate pyrophosphate decarboxylase or suppressor of its
induction. In other embodiments the substance is an antioxidant. In other embodiments the
substance is an enhancer of intracellular ;cAMP. The enhancer of intracellular cAMP may be an
inhibitor of cAMP phosphodiesterase and/or suppressor of its induction. In other embodiments
the substance is a farnesyl protein transferase inhibitor and/or induction suppressor.

In other preferréd embodiments, a preferred stimulators or enhancers would include a

PKA inhibitor.
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The other preferred embodiments, the inhibitors, suppressors stimulators or enhancers
would be identified by the screening assay described herein.

The diagnostic/therapeutic kits comprising the pharmaceutical compositions disclosed
herein will generally contain, in suitable container means, a therapeutically-effective amount of
an iNOS and/or proinflammatory cytokine inhibitor and/or induction suppressor in a
phé.rmaceutically acceptable excipient. The kit may have a single container means that contains
the iNOS and/or proinflammatory cytokine inhibitor and/or induction suppressor and a suitable
excipient or it may have distinct container means for each compound.

The components of the kit may be provided as liquid solution(s), or as dried powder(s).
When the components are provided in a liquid solution, the liquid solution is an aqueous
solution, with a sterile aqueous solution being particularly preferred. When reagents or
components are provided as a dry powder, the powder can be reconstituted by the addition of a
suitable solvent. It is envisioned that the solvent may also be provided in another container
means.

When the components of the kit are provided in one or more liquid solutions, the liquid
solution is an aqueous solution, with a sterile aqueous solution being particularly preferred.
The iINOS and/or proinflammatory cytokine inhibitor(s) and/or induction suppressor(s) may
also be formulated into a syringeable composition. In which case, the container means may
itself be a syringe, or other such like apparatus, from which the formulation may be
administered into the body, preferably by injection or even mixed with the other components of
the kit prior to injection. The iNOS and/or proinflammatory inhibitor and/or induction
Suppressor to be administered may be a single inhibitor, or a composition comprising two or
more inhibitors in a single or multiple dose for administration. Alternatively, one or more
inhibitors may be administered consecutively or concurrently with other agents as deemed
appropriate by the clinician. Dosage of each of the compositions will vary from subject to
subject depending upon severity of conditions, size, body weight, etc. The calculation and
adjustment of dosages of pharmaceutical compositions is well-known to those of skill in the art.

In an alternate embodiment, components of the kit may be provided as dried powder(s).
When reagents or components are provided as a dry powder, the powder can be reconstituted by
the addition of a suitable solvent. It is envisioned that the solvent may also be provided in

another container means.
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The container means will generally include at least one vial, test tube, flask, bottle,
syringe or other container means, into which the iNOS and/or proinflammatory cytokin
inhibitor and/or induction suppressor may be placed, preferably, suitably allocated. Where two
or more inhibitors and/or supressors are provided, the kit will also generally contain a second
vial or other container into which this additional inhibitors and/or suppressors may be
formulated. The kits may also comprise a second/third container means for containing a sterile,
pharmaceutically acceptable buffer or other diluent.

The kits of the present invention will also typically include a means for containing the
vials in close confinement for commercial sale, such as, e.g., injection or blow-molded plastic
containers into which the desired vials are retained. Alternatively, the vials may be prepared in
such a way as to permit direct introduction of the composition into an intravenous drug delivery
system.

Irrespective of the number or type of containers, the kits of the invention may also
comprise, or be packaged with, an instrument for assisting with the injection/administration or
placement of the ultimate iNOS and/or proinflammatory cytokine inhibitor and/or induction
suppressor composition within the body of an animal. Such an instrument may be a syringe,
pipette, forceps, measured spoon, eye dropper or any such medically approved delivery vehicle.

The term "iNOS and/or proinflammatory cytokine inhibitor and/or induction
suppressor” and also includes derivatives of the compounds disclosed herein which exhibit at
least some biological activity in common with the unmodified compound. In general these
compounds are inhibitors of inducible nitric oxide synthase and/or proinflammatory cytokines.

The following examples are included to demonstrate new and inventive methods of the
inventor and preferred embodiments of the invention. It should be appreciated by those of skill
in the art that the techniques disclosed in the examples which follow represent techniques
discovered by the inventor to function well in the practice of the invention, and thus can be
considered to constitute preferred modes for its practice. However, those of skill in the art
should, in light of the present disclosure, appreciate that many changes can be made in the
specific embodiments which are disclosed and still obtain a like or similar result without

departing from the spirit and scope of the invention.
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EXAMPLE 1
Inhibition of iINOS and Cytokines

Reagent Recombinant rat IFN-y, DMEM/F-12 medium, RPMI 1640 medium, fetal
bovine serum and Hanks’ balanced salt solution (HBSS) were obtained from GIBCO. Human
IL1-B was obtained from Genzyme, USA. Mouse recombinant TNF-a was obtained from
Boehringer Mannheim, Germany. Lovastatin, mevastatin and farnesyl pyrophosphate were
obtained from Biomol, USA and CalBiochem, USA. Cholesterol, ubiquinone, arginase,
N-Acetyl cystein (NAC), pyrrolidine dithiocarbamate (PDTC), NADPH, FAD,
tetrahydrobiopterin, Dowen-50W and LPS (Escherichia coli) were obtained from Sigma (St.
Louis, MO). NG-methyi—L-arginine (L-NMA), FPT inhibitor II and antibodies against mouse
macrophage iNOS were obtained from Calbiochem, USA. Immunoassay kits for TNF-«, IL-1B
and IL-6 were obtained from R&D, USA. NF-kp DNA binding protein detection kit was
obtained from GIBCO/BRL, USA. [y-"’P]JATP (3000 Ci/mmol) and L-[2,3,4,5->H] arginine
were obtained from Amersham, USA. Sodium salt of phenylacetic acid (N aPA) was prepared
from phenylacetic acid (Sigma) and NaOH as described (Samid et al., 1992).

Induction of NO Production in Rat Astrocytes, Microglia and C6 Glial Cells Astrocytes
were prepared from rat cerebral tissue as described by McCarthy et al. (1980). Cells were
maintained in DMEM/F-12 medium containing 10% fetal bovine serum (FBS). After 10 days
in culture, astrocytes were separate from microglia and oligodendrocytes by shaking for 24 h in

an orbital shaker at 240 rpm. To ensure the complete removal of all oligodendrocytes and

- microglia, the shaking was repeated twice after a gap of one or two days before subculturing.

The microglial contamination was checked by non-specific esterase staining and
oligodendrocytes were examined by immunofluoroscence using antibodies against GC
(McCarthy ez al., 1980). Cells were trypsinized, subcultured and stimulated with LPS or
different cytokines in serum-free DMEM/F-12 medium.

Microglial cells were isolated from mixed glial cultures according to the procedure of
Guilian ez al. (1986). Briefly, on day 7 to 9 the mixed glial cultures were washed 3 times with
DMEM/F-12 and subjected to a shake at 240 rpm for 2 h at 37 °C on a rotary shaker. The
floating cells were washed and seeded on to plastic tissue culture flasks and incubated at 37°C
for 2 h. The attached cells were removed by trypsinization and seeded on to new plates for

further studies. Ninety to ninety-five percent of this preparation was found to be positive for



10

15

20

25

30

WO 99/26657 PCT/US98/25360

72

non-specific esterase, a marker for macrophages and microglia. For the induction of NO
production, cells were stimulated with LPS or cytokines in serum-free condition.

C6 glial cells, obtained from ATCC, were also maintained and induced with different
stimuli as indicated above.

Treatment of Cells With iNOS Inhibitors Cells in culture were treated with these
compounds by addition of these compounds to the cell culture media. Dose ranges are
provided in the accompanying figures and tables.

Isolation of Rat Macrophages and Induction of NO Production Resident macrophages
were obtained from rats by peritoneal lavage with sterile RPMI 1640 medium containing 1%
fetal bovine serum and 100 pg/ml gentamicin (Wang ef al., 1995). Cells were washed three
times with RPMI 1640 at 4°C. All cell cultures were maintained at 37°C in a humidified
incubator containing 5% CO, in air. Macrophages, at a concentration of 2x10%ml in RPMI
1640 medium containing L-glutamine and gentamicin, were added in volumes of 800 ul to a 35
mm plate. After 1 h, nonadherent cells were removed by washing and 800 pl of serum-free
RPMI 1640 medium with various stimuli were added to the adherent cells. After 24 h
incubation in 5% CO, in air at 37°C, the culture supernatants were transferred to measure NO
production (Geng e al., 1995; Wang et al., 1995).

Assay of the Viability of Cells Treated with Lovastatin, Mevastatin, NaPA, TNF-q,
IL-1B, IFN-y, or LPS The cytotoxic effects of the compounds used in various studies disclosed
herein were determined by measuring the cell viability by trypan blue exclusion.

It was found that none of the compounds lovastatin, mevastatin, NaPA, TNF-a, IL-1p,
IFN-y, or LPS had a significant effect on the viability of astrocytes, microglia or macrophages.
Changes in cell viability can therefore be ruled out as a cause for the disclosed findings.

Assays of NO synthesis and NOS Activity Synthesis of NO was determined by assay of
culture supernatants for nitrite, a stable reaction product of NO with molecular oxygen. Briefly,
400 pl of culture supernatant was allowed to react with 200 pl of Griess reagent
(Feinstein et al., 1994a; Wang et al., 1995) and incubated at room temperature for 15 min. The
optical density of the assay samples was measured spectrophotometrically at 570 nm. Fresh
culture media served as the blank in all experiments. Nitrite concentrations were calculated
from a standard curve derived from the reaction of NaNO, in the assay. Protein was measured

by the procedure of Bradford (1976).
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NOS activity was measured directly by production of L—[2,3,4,5-3H]citrulline from
L-[2,3,4,5-3H] arginine (Feinstein ef al.,, 1994a). In these studies, 50 pl of macrophage
homogenate was incubated at 37°C in presence of 50 mM Tris-HCl (pH 7.8), 0.5 mM NADPH,
5uM FAD, 5uM tetrahydrobiopterin and 12 pM L-[2,3,4,5-3H]arginjne (118 mCi/mmol) in a
total volume of 200 pl. Assays were carried out for 30 to 40 min and the production of
L-[2,3,4,5-°H] citrulline was linear. The reactions were stopped by addition of 800 ul of
ice-cold 20 mM HEPES (pH 5.5) followed by addition of 2 ml of Dowex-50W equilibrated in
the same buffer. The samples were then centrifuged and the concentration of L-[*Hjcitrulline
was determined in the supernatant by liquid scintillation counting. Protein was measured by
the procedure of Bradford (1976).

Immunoblot analysis for iNOS Following 24 h incubation in the presence or absence of
stimuli by different cytokines or LPS, macrophages were scraped off, washed with Hank’s
buffer, and homogenized in 50 mM Tris-HCl (pH 7.4) containing protease inhibitors (1mM
PMSF, 5 pg/ml aprotinin, 5 pg/ml pepstatin A, and 5 pg/ml leupeptin). After electrophoresis
the proteins were transferred onto a nitrocellulose membrane, and the iNOS band was
visualized by immunoblotting with antibodies against mouse macrophage iNOS and
['**I]-labeled protein A (Singh ef al., 1988).

Cells pre-incubated in serum-free media with different concentrations of lovastatin (5 or
10 uM) or NaPA (2 or 5 mM) or a combination of 2 pM lovastatin and 2 mM NaPA for 8 h
received 1.0 pg/ml of LPS. Cell homogenates were electrophoresed, transferred on
nitrocellulose membrane and immunoblotted with antibodies against mouse macrophage iNOS
as described in Example 7. Western blot analysis for iNOS protein of LPS-stimulated
astrocytes clearly showed that both lovastatin and NaPA significantly inhibited the
LPS-mediated induction of iNOS protein. A combination of lovastatin and NaPA at dose lower
than the one used individually almost completely inhibited LPS-induced production of NO and
expression of iNOS.

RNA isolation, Northern blot analysis, and reverse-transcriptase coupled polymerase
chain reaction (RT-PCR) Stimulated peritoneal macrophages were taken out from culture
dishes directly by adding Ultraspec-II RNA reagent (Biotecx Laboratories Inc.) and total RNA
was isolated according to the manufacturer’s protocol. For northern blot analyses, 20 pg of

total RNA was electrophoresed on 1.2% denaturing formaldehyde-agarose gels,
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electrotransferred to Hybond-Nylon Membrane (Amersham) and hybridized at 68°C with
’P_labeled cDNA probe using Express Hyb hybridization solution (Clontech) as described by
the manufacturer. The cDNA probe was made by PCR™ amplification using two primers
(forward primer: 5’-CTCCTTCAAAGAGGCAAAAATA-3’ (SEQ ID NO:1); reverse primer:
5’-CACTTCCTCCAGGATGTTGT-3> (SEQ ID NO:2)) (Gelleretal., 1993). After
hybridization filters were washed two to three times in solution I (2x SSC, 0.05% SDS) for 1h
at room temperature followed by solution II (0.1x SSC, 0.1% SDS) at 50°C for another hour.
The membranes were then dried and exposed to X-ray film (Kodak). The same filters were
stripped and rehybridized with probes for GAPDH. The relative mRNA content for iNOS was
measured after scanning the bands with a Biorad (Model GS-670) imaging densitometer.

Five micrograms of total RNA was reverse transcribed by using oligo-dT by using 1
mM of each dNTP, 40 U of RNase inhibitor (Promega), 50 U of Moloney murine leukemia
virus (M-MLV) reverse transcriptase (Stratagene) and reverse transcription buffer (Stratagene)
in a 50 pl reaction volume. The integrity of the RNAs was checked by running an alkaline
RNA gel. The first strand cDNA synthesis was carried out at 37°C for 1 h. To check the
quality of cDNAs for iNOS (730 bp) and for GAPDH (528 bp), the same cDNA was used as a
control to amplify 1.5 kb fragment of a iNOS gene. Five microliters of this 1st strand cDNA
was used to amplify by PCR™ in 100 pl reaction volume containing 0.2 uM of each primer,
200 pM of each dNTP, manufacturer-supplied 1X buffer containing 1.5 mM MgCl, and 2.5 U
of Taq DNA polymerase (Stratagene). A total of 30 cycles were run with each cycle having
denaturation at 91°C for 1 min, annealing at 54°C for 1 min and extension at 72°C for 2 min.
Final extension was carried out 72°C for 10 min. Oligonucleotide primers for iNOS (forward
primer: 5’-CTCCTTCAAAGAGGCAAAAATA-3* (SEQ ID NO:1); reverse primer:
5’-CACTTCCTCCAGGATTGGTG-3> (SEQ ID NO:3)) were synthesized based on the
sequences described by Geller et al. (1993). The PCR™ amplified products were further
confirmed by restriction mapping. Oligonucleotide primers for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (forward primer: 5’-ACCACCATGGAGAAGGCTGG-3’ (SEQ ID
NO:4); reverse primer: 5’-CTCAGTGTAGCCCAGGAT GC-3’ (SEQ ID NO:5)) were used as
control. PCR™ products were visualized by electrophoresis in 1.5 % agarose gel containing 0.5

pg/ml ethidium bromide and photographed with a DS-34 type camera. The relative mRNA
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content for iNOS was measured after scanning the bands with a Biorad (Model GS-670)
imaging densitometer.

After 5 h of incubation, cells were taken out directly by adding ultraspec-1 RNA
reagent (Biotecx Laboratories Inc., Houston, TX) to the plates for isolation of total RNA, and
northern blot analysis for iNOS mRNA was carried out as described in Example 7. The
Northem blot analysis for iNOS mRNA of LPS-stimulated astrocytes clearly showed that both
lovastatin (5 or 10uM) and NaPA (2 or 5mM) significantly inhibited the LPS-mediated
induction of iNOS mRNA. A combination of lovastatin and NaPA, at 2uM and 2 mM
respectively, at a dose lower than the one used individually almost completely inhibited
LPS-induced production of NO and expression of iNOS.

Determination of TNF-a, IL-1B and IL-6 in culture supernatants Macrophages were
stimulated with LPS and IFN-y in serum-free RPMI 1640 media for 24 h in the presence or
absence of NAC, PDTC, lovastatin or NaPA, and concentrations of TNF-a, IL-1B and IL-6
were measured in culture supernatants by using a high-sensitivity enzyme-linked
immunosorbent assay (ELISA; Genzyme, Cambridge, MA; R&D Systems, USA) according to
the manufacturer’s instructions.

Preparation of Nuclear Extracts and Electrophoretic Mobility shift assay Nuclear
extracts from stimulated or unstimulated astrocytes (1x10’ cells) were prepared using the
method of Dignam et al. (1983) with slight modification. Cells were harvested, washed twice

with ice-cold phosphate-buffered saline and lysed in 400 pl of buffer A (10 mM HEPES, pH

7.9, 10 mM KCI, 2 mM MgCl,, 0.5 mM DTT, 1 mM PMSF, 5 png/ml aprotinin, 5 pg/ml

pepstatin A, and 5 pg/ml leupeptin (Sigma, St. Louis, MO) containing 0.1% Nondet P-40 for 15
min on ice, vortexed vigorously for 15 s, and centrifuged at 14,000 rpm for 30 s. The pelleted
nuclei were resuspended in 40 pl of buffer B (20 mM HEPES, pH 7.9, 25% (v/v) glycerol,
0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF, 5 pg/ml aprotinin,
5 pg/ml pepstatin A, and 5 pg/ml leupeptin). After 30 min on ice, lysates were centrifuged at
14,000 rpm for 10 min. Supernatants containing the nuclear proteins were diluted with 20 ul of
modified buffer C (20 mM HEPES, pH 7.9, 20% (v/v) glycerol, 0.05 M KCl, 0.2 mM EDTA,
0.5 mM DTT, and 0.5 mM PMSF) and stored at -70°C until use. Nuclear extracts were used
for the electrophoretic mobility shift assay using the NF-kB DNA binding protein detection
system kit (GIBCO/BRL), according to the manufacturer’s protocol.
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Inhibition Of LPS- And Cytokine-Induced Production Of NO By Lovastatin To examine
whether cytokine-induced NO production is inhibited by lovastatin, rat primary astrocytes were
stimulated with different combinations of LPS, TNF-o, IL-1p and IFN-y (i.e. LPS + TNF-«,
LPS + IFN-y, TNF-a + IL-1B, TNF-a + IFN-y) for 24 h and the production of NO was
measured as described above. Cells, pre-incubated in serum-free media with 10 uM lovastatin
for 8 h, received different combinations of LPS and cytokines. Concentration of different
stimuli were: LPS, 0.5 pg/ml; TNF-a, 20 ng/ml; IL-1p, 50 ng/ml; IFN-y, 50 U/ml. After 24 h
of incubation, the production of nitrite was measured in supernatants. Data was taken as the
mean * S.D. of three different studies. All the combinations of LPS and cytokines significantly
induced the production of NO, however, the addition of 10 uM lovastatin to astrocytes
inhibited the NO production and induction of iNOS protein. Cell homogenates were analyzed
for iNOS protein by immunoblotting as described. Under similar conditions lovastatin was also
found to inhibit LPS- and cytokine-induced NO production in rat C6 glial cells.

Inhibition of LPS-Induced Expression of iNOS by Lovastatin, NaPA and Mevastatin An
examination was made of the effect of lovastatin, mevastatin and mevalonate pyrophosphate
decarboxylase (NaPA) on the induction of iNOS and production of NO. As shown in Table 1,
it was found that bacterial LPS at a concentration of 1.0 pg/ml induced the production of NO by
about 8-fold. The inhibition of NO production by arginase, an enzyme that degrades the
substrate (L-arginine) of NOS and L-NMA, a competitive inhibitor of NOS, indicate that
LPS-induced NO production in astrocytes is dependent on NOS-mediated arginine metabolism
(Table 2). Lovastatin or mevastatin alone was neither stimulatory nor inhibitory to nitrite
production in control astrocytes. However, both the inhibitors, when added 8 h before the
addition of LPS, inhibited LPS-mediated induction of nitrite production in astrocytes. Only
25% inhibition in LPS-induced NO production was found when lovastatin was added to the
cells along with LPS; however, the degree of inhibition increased with the increase in time of
preincubation with lovastatin reaching about 90% inhibition of NO production within 8 to 10 h
of preincubation. Lovastatin (5 or 10 pM) or NaPA (2 or 5 mM) or a combination of 2 uM
lovastatin and 2 mM NaPA also inhibited the induction of NO production in rat primary
astrocytes. After 24 h, supernatants were used for nitrite assay as described above. Data was

the mean + S.D. of three different studies.
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Table 2
Inhibition of LPS-induced NO production

in rat primary astrocytes by lovastatin and mevastatin

Stimuli Nitrite (nmol/mg/24 h) % Inhibition
Control 29%05 -—-
LPS 253+32 -
LPS + Arginase 59+0.8 87
LPS + L-NMA 5.5+£0.7 88
Lovastatin 29+03 ---
Mevastatin 28+04 ---
LPS + Lovastatin 52+0.5 90
LPS + Mevastatin 55+0.5 88

Astrocytes were cultured for 24 h in serum-free DMEM/F-12 with the listed reagents; and
nitrite concentration in the supernatants were measured as described. Arginase (100 units/ml)
and L-NMA (0.1 mM) were added to the cells together with LPS (1.0 pg/ml). Data are mean +
standard deviation (S.D.) of three different studies.

Inhibition of LPS-Induced Activation of NF-kB and Expression of iNOS by Lovastatin
and NaP4 The effect of lovastatin (5 or 10 uM) or NaPA (2 or 5 mM) on LPS-induced
activation of NF-kP in astrocytes was examined by gel-shift DNA-binding assay. Cells
incubated in serum-free media received 1.0 pg/ml of LPS. After 1 h of incubation, cells were
taken out to prepare nuclear extracts and nuclear proteins were used for the electrophoretic
mobility shift assay of NF-kp as described in Example 10. Lanes were run containing control,
LPS, LPS-treated nuclear extract with 25-fold excess of unlabelled probe, and LPS-treated
nuclear extract with 50-fold excess of unlabelled probe. Treatment of rat primary astrocytes
with 1.0 pg/ml of LPS resulted in the activation of NF-kf. This gel shift assay detected a
specific band in response to LPS that was competitively removed by an unlabelled probe.
Lovastatin or NaPA alone at different concentrations failed to induce NF-kf3. However, cells

preincubated in serum-free media with lovastatin or NaPA for 8 h were markedly inhibited for
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the LPS-induced activation of NF-kB, indicating that the inhibition of INOS expression by
lovastatin and NaPA is due to the inhibition of NF-kg.

To evaluate the possible mechanism of the effect of lovastatin and NaPA or to
determine whether reduced concentrations of end products as opposed to intermediate products
of the mevalonate pathway were responsible for the effects of lovastatin and NaPA, the
inventor performed rescue experiments with cholesterol, ubiquinone, mevalonate and farnesyl
pyrophosphate (FPP). Cells preincubated in serum-free media with 10 puM of lovastatin or 5
mM of NaPA for 8 h received 1.0 pg/ml of LPS along with 100 uM mevalonate or 200 pM
farnesyl pyrophosphate. After 24 h, supernatants were used for a nitrite assay as described in
Example 6. Combinations that were tested included control, LPS alone, LPS + lovastatin, LPS
+ lovastatin + mevalonate, LPS + lovastatin + FPP, LPS + NaPA, LPS + NaPA + mevalonate,
and LPS + NaPA + FPP. Data was measured as the mean + S.D. of three different studies.
After 5 h of incubation, cells were analyzed for iNOS mRNA by northern blotting technique as
described. GAPDH mRNA was also measured. After 1 h of incubation, cells were taken out to
prepare nuclear extracts and nuclear proteins were used for the electrophoretic mobility shift
assay of NF-kp as described in Example 10. Addition of 10 uM ubiquinone or cholesterol to
astrocytes did not prevent the inhibitory effect of lovastatin and NaPA. These observations
support the conclusion that the depletion of intermediary products rather than end products of
mevalonate pathway are responsible for the observed inhibitory effect of lovastatin or NaPA on
LPS-induced iNOS expression. On the other hand, mevalonate of FPP substantially reversed
the irhibitory effect of lovastatin on iNOS expression and NF-kf activation. However, FPP not
mevalonate reversed the inhibitory effect of NaPA indicating that the utilization of mevalonate
rather than its synthesis is the prime target of the NaPA.

Inhibition of LPS-Induced Expression of iNOS in Rat Primary Astrocytes by FPT
inhibitor II An examination was made of the effect of FPT inhibitor II, an inhibitor of enzymes
that transfers farnasyl group to proteins (e.g. Ras), on LPS-mediated expression of iNOS and
activation of NF-kB in rat primary astrocytes. Cells pre-incubated in serum-free media with
100 uM or 200 uM FPT inhibitor II for 1 h received 1.0 pg/ml of LPS. Samples assayed
included control, LPS, LPS + FPT inhibitor II (100 pM or 200 uM). After 24 h of incubation,
supernatants were used for nitrite assay as described in Example 6. Data was measured as the

mean * S.D. of three different studies. After 5 h of incubation, cells were analyzed for iNOS
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mRNA by northern blotting technique as described. After 1 h of incubation, cells were taken
out to prepare nuclear extracts and nuclear proteins were used for the electrophoretic mobility
shift assay of NF-kp as described in Example 10. A preincubation of cells for 1 h with 100 or
200 puM FPT inhibitor II inhibited LPS-induced activation of NF-k, expression of iNOS and
production of NO; thus, demonstrating the importance of farnesylation of Ras in LPS-mediated
aétivation of NF-kB and induction of iNOS in astrocytes.

Lovastatin and NaPA inhibit the LPS-induced expression of Cytokines An examination
was made of the effect of NaPA and lovastatin on LPS-induced expression of TNF-c, [L-1B
and IL-6. Rat primary astrocytes pre-incubated in serum-free media with different
concentrations of lovastatin (5 or 10 uM) or NaPA (2 or 5 mM) or a combination of 2 M of
lovastatin and 2 mM of NaPA for 8 h received 1.0 pg/ml of LPS. Combinations that were
tested included control, LPS, LPS + lovastatin (5 uM), LPS + lovastatin (10 uM), NaPA (2
HUM), LPS + NaPA (5 pM), and LPS + lovastatin (2 pM) + NaPA (2 uM). Concentrations of
TNF-a, IL-1B and IL-6 were measured in the supernatants after 24 h of incubation (Table 3)
and the mRNA expression of these cytokines was examined in the cells after 5 h of LPS
stimulation as described. Bacterial LPS markedly induced the mRNA expression and
production of respective cytokines in astrocytes. Although lovastatin or NaPA alone had no
effect on the production of cytokines, these two compounds strongly inhibited the LPS-induced
production of TNF-c, IL-1p and IL-6 in the supernatants (Table 3). Additionally, 2 mM NaPA
and 2 uM lovastatin worked more effectively to inhibit LPS-induced production of TNF-a,

IL-1p and IL-6 than 5 mM NaPA or 5puM lovastatin alone. The decrease in cytokine

production was also accompanied by an inhibition of their mRNA expresston demonstrating
that lovastatin and NaPA down-regulate the expression of all the inflammatory mediators
(iNOS, TNF-a, IL-1f and IL-6) in astrocytes. No adverse effects on the viability of astrocytes,

as measured by trypan blue exclusion, were observed.
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Table 3
Inhibition of LPS-induced production of NO, TNF-«, IL-1p and IL-6 in rat

primary astrocytes, microglia and macrophages by lovastatin and NaPA

Treatments
Production of LPS +
Cells NO or cytokines LPS only Lovastatin LPS + NaPA
Astrocytes NO 253+3.2 52+04 54+0.6
TNF-a 53+£0.8 0.3+0.05 0.4+ 0.06
IL-1B 104+£1.5 0.8+0.1 1.1+0.2
IL-6 136.5+16.8 6.9+0.9 7.6+0.8
Microglia NO 81.2+6.9 59+04 6.9+0.9
TNF-a 145+2.1 09 +0.1 1.3+£0.2
IL-1B 282+34 2.1+0.3 24+02
IL-6 295.6 £33.5 7.8+ 1.1 93+1.2
Macrophages NO 1185+ 12.5 72+0.9 9.5+0.7
TNF-a 18.6 £2.3 1.2 £0.1 1.7+0.2
IL-1B 34.6+4.5 23103 3.1+04
IL-6 350.0 £27.6 83+0.6 102+14

Cells preincubated with 10 pM lovastatin or 5 mM NaPA for 8 h in serum-free condition was
stimulated with 1.0 pg/ml of LPS. After 24 h of incubation, concentrations of NO, TNF-q,
IL-1B and IL-6 were measured in supernatants as described above. NO is expressed as nmol/24
h/mg protein whereas TNF-a., IL-1f and IL-6 are expressed as ng/24 h/mg protein. Data are

expressed as the mean + S.D. of three different experiments.

Inhibition Of LPS-Induced Production Of NO and Cytokines In Rat Primary Microglia
And Macrophages By Lovastatin Both macrophages and microglia, important sources of NO
and cytokines, actively participate in the pathophysiologies of different inflammatory disorders.
Since lovastatin and NaPA inhibited the LPS-induced production of NO, TNF-a, IL-1B and
IL-6 in astrocytes, a determination of the effect of lovastatin and NaPA on LPS-stimulated
production of NO, TNF-c, IL-1B and IL-6 in rat primary microglia and macrophages was made
(Table 3). It was found that the rate of production of NO and cytokines after LPS stimulation
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was much higher in both macrophages and microglia than in astrocytes. Similar to astrocytes,
lovastatin or NaPA alone had no effect on the production of NO and cytokines in macrophages
and microglia. However, both of these compounds strongly inhibited the LPS-induced
production of NO, TNF-a, IL-1B and IL-6 in macrophages and microglia (Table 3). These
results demonstrate the importance of these compounds in controlling iNOS produced NO and
production of proinflammatory cytokines (TNF-a, IL-1B and IL-6 and IFN-y) in microglia and
macrophages. It is important to note that under the conditions used, no adverse effects on the

viability of microglia or macrophages, as measured by trypan blue exclusion, were observed.

EXAMPLE 2
NAC Inhibits LPS-Induced NO Synthesis In Resident Peritoneal Macrophages

Reagents Reagents were as given in Example 1. Rat macrophages, astrocytes and C6
glial cells were prepared as described in Example 1. Assays to measure the induction of NO
synthesis, NOS activity, immunoblot analyses for iNOS, RNA isolation, RT-PCR and
determination of TNF-a in culture supernatants were as described in Example 1.

The effect of NAC on LPS-induced NO-synthesis was examined in resident peritoneal
macrophages. Resident macrophages were cultured in RPMI medium without serum in
presence of different concentrations of LPS and NAC. The concentration of NO as nitrite was
measured in cultured supernatants after 24 h. As shown in Table 4, in rat resident
macrophages, LPS (1 pg/ml) induced the production of nitrite, the soluble product of NO in the
culture medium (Wang et al., 1995), by more than ten fold. LPS-induced production of nitrite
was concentration dependent with maximal induction at 1-5 pug/mi of LPS (data not shown).
NAC itself was neither stimulatory nor much inhibitory to nitrite production in control resident
macrophages. However, NAC, when added 2 h before the addition of LPS, inhibited
LPS-mediated induction of nitrite | production in macrophages. Over 90% inhibition was
observed when NAC was used at a concentration of 20 mM. Both L-NMA, a competitive
inhibitor of NOS, and arginase suppressed LPS-mediated nitrite secretion, indicating that
LPS-induced nitrite release in rat peritoneal macrophages is dependent on NOS-mediated

arginine metabolism (Table 4).
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Table 4
Inhibition of Arginine-Dependent Nitrite Accumulation in

LPS-Stimulated Resident Macrophages by NAC

Stimuli Nitrite (nmol/mg Protein “™") Inhibition (%)
Control ' 9.8+1.5
NAC 6.2+0.8
Ips 124.249.7
LPS+NAC 11.6+1.5 91
LPS+NMA 15.8+2.2 87
LPS+arginase 22.543.1 82

Resident macrophages were cultured for 24 h in serum-free RPMI 1640 with the listed
reagents; nitrite concentration in the supernatants was then measured as described in the
methods section. Concentration of reagents were: LPS, 1.0 pg/ml; NAC, 20 mM; NMA, 0.1
mM; arginase, 100 units/ml. NMA and arginase were added to the cells together with LPS
whereas NAC was added 2 h before the addition of LPS. Data are mean + S.D. of three

different experiments.

Kinetics of inhibition of NO synthesis by NAC in rat macrophages To determine
whether inhibition of LPS-induced NO synthesis by NAC was simply due to delayed induction,
nitritc concentrations were measured in LPS-stimulated cultures maintained up to 48 h. Rat
resident macrophages were stimulated with 1.0 pg/ml LPS alone or together with 20 mM NAC,
where NAC was added 2 h before the addition of LPS. Supernatants were harvested at different
time intervals (6 to 48 h) to measure concentrations of nitrite as described. Data was measured
as the mean + S.D. of three different studies. When cells were stimulated in the absence of
NAC, nitrite was detected in culture supernatants after 8 h and the concentration of nitrite
increased progressively thereafter for 48 h. However, when 20 mM NAC was added 2 h before
the addition of LPS, nitrite production was significantly inhibited. From the onset of detectable
NO release until 24 h, nitrite accumulated at a rate of 5.2 nmol/mg/h in the absence of NAC and

at 0.5 nmol/mg/h in the presence of NAC.
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To study the Effect of decreasing or increasing the time interval between addition of
LPS and NAC on LPS-stimulated macrophage NO production, resident macrophages were
incubated with 1.0 pg/ml LPS. NAC (20 mM) was added to cultures 2 h or 1 h before,
simultaneously or 1 h, 3 h, 5 h, or 7 h after the addition of LPS. Supernatants were collected 24
h after the addition of LPS. Each value was determined as the mean + S.D. of three different
sfudies. Culture supernatants were collected after 24 h of incubation to measure the
concentration of nitrite. Maximal suppression of nitrite production was observed when NAC
was added 2 h before the addition of LPS. When NAC was added after the addition of LPS, the
extent of inhibition progressively decreased. Only 20% inhibition was observed when NAC
was added 7 h after the addition of LPS, indicating that inhibition of nitrite production by NAC
is due to the inhibition of oxygen radical-mediated signaling reactions.

NAC and PDTC inhibit LPS-mediated induction of iNOS in rat resident macrophages
To understand the mechanism of inhibition of LPS-induced nitrite production in resident
macrophages by antioxidants, an examination was made of the effect of NAC and PDTC on the
formation of L-citrulline from L-arginine, the reaction which is catalyzed by NOS in
homogenates of macrophages. Homogenates were prepared from macrophages that had been
incubated for 24 h with 1.0 pg/ml LPS in the presence or absence of 20 mM NAC. NAC was
added to the cells 2 h before the addition of LPS. Production of L-[2,3,4,5-3H]citrulline from
L-[2,3,4,53—H]arginine was determined at different time points. Data was determined as the
mean of two separate studies. The formation of L-citrulline from L-arginine was linear up to 40

min in LPS-activated macrophages in the absence of NAC whereas in the presence of NAC,

formation of L-citrulline was strongly inhibited.

In another study, cells received different concentrations of NAC and PDTC, 2 h before
the addition of 1.0 pg/ml LPS. Samples that were tested included control, LPS, 5 mM NAC +
LPS, 10 mM NAC + LPS, 20 mM NAC + LPS, 50 uM PDTC + LPS, and 100 uM PDTC +
LPS. After 24 h of incubation, cells were washed, scraped off, and homogenized. NOS activity
was measured in cell homogenates as described. Data was determined as the mean + S.D. of
three different studies. Cell homogenates were electrophoresed, transferred on nitrocellulose
membrane, and immunoblotted with antibodies against mouse macrophage iNOS as described.
After 6 h of incubation, cells were taken out from culture dishes directly by adding ultraspec-II

RNA reagent (Biotecx Laboratories Inc.). Total RNA of each sample was prepared,
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reverse-transcribed and amplified by using specific primers for iNOS and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. PCR™ products were
electrophoresed in 1.5% agarose gel containing 0.5 pg/ml ethidium bromide and photographed
with a DS-34 type polaroid camera.

Both NAC and PDTC inhibited LPS-induced NOS activity as evidenced by L-citrulline
formation, and PDTC at a concentration of 100 pM was as potent as NAC at 20 mM.
Immunoblot analysis with antibodies against murine macrophage iNOS and RT-PCR for iNOS
mRNA analysis of LPS-stimulated macrophages incubated in the presence or absence of NAC
or PDTC show that both the antioxidants inhibited LPS-mediated induction of iNOS protein
and mRNA, indicating that LPS irduced induction of iNOS protein in macrophages via oxygen
radicals signal pathway.

Inhibition Of LPS- And/Or Cytokine-Induced NO Production By NAC Peritoneal
macrophage iNOS can be induced not only by LPS but also by IFN-y, in combination with
either IL-1B or TNF-a (Mehta er al., 1994). To determine whether cytokine-induced NO
synthesis is also inhibited by NAC, resident macrophages were cultured with TNF-q, IL-18 or
IFN-y separately or in several combinations, in the presence or absence of NAC. IL-1PB or
TNF-o. when added alone was not able to induce nitrite production; whereas, IFN-y alone
significantly increased NOS-mediated nitrite production (Table 5). Additionally, different
combinations of cytokines and LPS induced high level of nitrite production and NOS activity
(Table 5). However, NAC, when added 2 h before the addition of cytokines, potentially
inhibited the induction of nitrite production. This inhibition of nitrite production was
associated with the inhibition of NOS activity as measured by the formation of L-citrulline
(Table 5).

NAC and PDTC inhibit LPS/cytokines stimulated induction of iNOS in rat macrophages
Cells received 20 mM NAC 2 h before the addition of different cytokines. After 24 h of
incubation with different cytokines, cells were scraped off, washed, and homogenized.
Homogenates were immunoblotted with antibodies against mouse macrophage iNOS as
described in Example 7. After 6 h of incubation with different stimuli, cells were taken out
from culture dishes directly by adding ultraspec-II RNA reagent (Biotecx Laboratories Inc.).
Total RNA of each sample was prepared, reverse-transcribed, and amplified by using specific

primers for iNOS and GAPDH mRNA. PCR™ products were electrophoresed in 1.5% agarose
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gel containing 0.5 pg/ml ethidium bromide and photographed with a DS-34 type polaroid
camera. Bands were scanned with a Biorad (Model GS-670) imaging densitometer. The ratio
of iNOS gene product to the internal standard, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used to quantitate the message level. Results were measured as the mean + S.D.
of three different studies. Assays were done for control, LPS + TNF-a, LPS +IL-1B,
LPS + IFN-y, TNF-a + IL-1B, TNF-o. + IFN-y, NAC + LPS + TNF-a,, NAC + LPS + IL-1B,
NAC + LPS + IFN-y, NAC + TNF-o + IL-1p, and NAC + TNF-a + IFN-y. Concentrations of
different stimuli were 0.2 pg/ml for LPS, 50 U/ml for IFN-y, 20 ng/ml for TNF-o, and 25 ng/ml
for IL-1B. The LPS and cytokine combinations stimulated nitrite production, while NAC in
combination with LPS and/or cytokines inhibited nitrite production. This inhibition was
associated with the inhibition of NOS activity as measured as well as the inhibition of
expression of the iINOS protein and mRNA, indicating with the results described above for

Table 5 that LPS- and cytokines-mediated expression of iNOS involves oxygen radicals signal

pathway.
Table §
Inhibition nitrite production and NOS activity
by NAC in stimulated rat resident macrophages
Stimuli NAC Nitrite Inhibition L-citrulline Iﬁhibition
(20mM) (nmol/mg/24h) (%) (pmol/min/mg) (%)
Control - 9.8=+1.5 135+ 1.8
+ 6.2+0.8 37 10.2 £ 0.9 25
LPS - 1242 +9.7 156.4 £21.2
+ 11.6£1.5 91 142+23 91
IL-1B - 214+19 225+3.2
+ 9.2+0.7 57 129+ 2.1 43
TNF-a - 279+35 32.8+£2.9
+ 10.1 £ 1.6 64 129+23 61
IFN-y - 87.9+10.2 1324+ 11.6

+ 99+1.8 89 132+24 90
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Table 5 - Continued

Stimuli NAC Nitrite Inhibition L-citrulline Inhibition
(20mM) (nmol/mg/24h) (%) (pmol/min/mg) (%)
TNF-o + IL-1$ - 136.9 £15.8 182.6 £20.2
+ 228127 83 282143 85
TNF-a + IFN-y - 1459+ 17.4 201.6 £225
+ 29.6 £4.2 79 36.9+3.4 82
LPS + TNF-a - 168.2 £ 194 232.7£20.6
+ 13.6 £2.6 92 19.7+2.7 91
LPS + IFN-y - 162.3 £15.2 218.5+23.6
+ 252+39 84 323 +£4.6 83
LPS +1IL-1P - 149.6 £11.2 2043 £17.6
+ 28.4+3.7 81 449 + 6.1 78

Nitrite accumulation in the supernatants and NOS activity in the cells were measured as
described. When different stimuli were used alone, their concentrations were: LPS, 1.0 pg/ml;
TNF-a, 100 ng/ml; IL-1f, 200 ng/ml; IFN-y, 200 U/ml. When stimuli were used in different
combinations their concentrations were: LPS, 0.2 pg/ml; TNF-a, 20 ng/ml; IL-1B, 25 ng/ml;
IFN-y, 50 U/ml. Cells received NAC 2 h before the addition of different stimuli. Data are

mean £ S.D. of three different experiments.

NAC Inhibits LPS And/Or Cytokine-Mediated NO Production In Rat Astrocytes And C6
Glial Cells A study was carried out to determine if NAC inhibits LPS and/or
cytokine-mediated NO production in rat astrocytes and glial cells. Both astrocytes and C6 glial
cells are reported to express iNOS in the presence of different stimuli (Feinstein er al., 1994a;
Hu et al, 1995). Similar to previous reports (Feinstein ef al., 1994a; Feinstein et al., 1994b),
incubation of C6 cells with LPS, TNF-a, IFN-y or IL-1P alone did not stimulate nitrite
production whereas addition of several combinations of either LPS or cytokines induced the
production of NO (Table 6). In contrast to the induction of NO production found in C6 glial
cells, either LPS or cytokines alone induced the production of NO in cultured rat astrocytes

(Table 6). However, similar to macrophages, addition of NAC at 20 mM concentration 2 h
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prior to the addition of several cytokines blocked the induction of NO production in both C6

glial cells and astrocytes (Table 6).

Table 6
Inhibition of nitrite production by NAC

in stimulated astrocytes and C6 glial cells

Astrocytes C6 glial cells
Stimuli NAC Nitrite Inhibition Nitrite Inhibition
(20 mM) (nmol/mg/24h) (%) (nmol/mg/24h) (%)

Control - 43+12 3.1+04

e
LPS - 27.8+£52 35+£04

+ 56+1.6 80 e
TNF-a - 23.4+£39 3.6+0.2

+ 10.5 £ 2.3 55 emmeee e
IL-1B - 30.1 £2.6 3.8+0.5

+ 7.8+1.8 4
IFN-y - 223+4.2 53+1.1

+ 44+1.2 80 e e
LPS + TNF-« - 41.8+£2.8 33.9+42

+ 152115 64 7.1 £1.1 79
LPS +1IL-1P - 21.7+£2.9 22.8+34

+ 45+2.8 79 58+1.2 75
LPS + IFN-y - 50.7+6.8 32.1 £4.2

+ 235+1.4 54 82+1.4 74
TNF-o + IL-18 - 36.4+4.5 20.7£3.1

+ 5.2+07 86 42+0.38 80
TNF-a + IFN-y - 38426 30.9+5.1

+ 14.1 £2.04 63 84+2.1 73

Astrocytes and C6 glial cells were cultured for 24 h in serum-free DMF-12 medium with the

listed stimuli, and nitrite accumulation in the supernatants was measured as described
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previously. Concentrations of different stimuli were the same as described in the legend of

Table 4. Data are mean + S.D. of three different experiments.

Inhibition of LPS-mediated TNF-o production by NAC and PDTC in macrophages LPS
stimulates a variety of cell types including macrophages to induce the production of TNF-«.
To study whether antioxidants effect the production of TNF-a, rat resident macrophages were
cultured in serum-free RPMI 1640 medium. They were either treated with antioxidants (NAC
and PDTC) 2 h before the addition of LPS or IFN-y alone or in combination (Table 7). LPS
alone at a concentration of 1.0 ng/ml induced appreciable amounts of TNF-c production (20.3
* 3.6 ng/mg/24 h) and the addition of IFN-y augments the action of LPS (Table 7). However,
IFN-y alone, was ineffective in inducing TNF-o from macrophages. Pre-incubation of cells
with either NAC or PDTC almost completely eliminated the induction of TFN-a. production by
LPS and IFN-y. These results indicate that similar to the induction of iNOS, the production of

TNF-a by LPS and IFN-y involves oxygen radicals signal pathway.

Table 7
Effect of NAC and PDTC on TNF-a production in rat resident
macrophages stimulated with LPS and IFN-y

Reagents TNF-a (ng/24 h/mg protein) Inhibition (%)

Control 0.7+0.1

NAC 0.6 £0.2

PDTC 0.7+£0.2

LPS 203+3.6

IFN-y 1.3+04

LPS +IFN-y 31.6 £2.9

LPS + NAC 1.6 £ 0.3 92

LPS +PDTC 0.9+0.1 95

LPS + IFN-y + NAC 23+£0.2 93

LPS +IFN-y + PDTC 1.4 +£0.3 96
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Resident macrophages cultured in serum-free RPMI 1640 medium received 20 mM NAC or
100 uM PDTC 2 h before the addition of stimuli. When stimuli were used separately their
concentrations were: LPS, 1.0 pg/ml; IFN-y, 200 U/ml, and when they were used together,
their concentrations were: LPS, 0.2 pg/ml; IFN-y, 50 U/ml. Supernatants were collected 24 h

after the addition of stimuli to measure TNF-a concentration using ELISA as described.

EXAMPLE 3
Modulation of LPS-induced NO Production and Expression of iNOS in Rat Primary
Astrocytes by Compounds That Modulate Intracellular Levels of cAMP

The activation of PKA correlates with the inhibition of LPS-induced iNOS expression
in rat primary astrocytes. Primary astrocytes in serum-free DMEM/F-12 received 10 pM
forskolin, 500 pM 8-Br-cAMP, 5 uM (S,)-cAMP, 0.2 uM H-89, or 20 uM (Rp)-cAMP 15 min
before the addition of 1.0 pg/ml LPS. Nitrite concentrations were measured in supernatants
after 24 h; and NOS activities were measured in cell homogenates as described herein. Cell
homogenates were electrophoresed, transferred on nitrocellulose membrane, and
immunoblotted with antibodies against mouse macrophage iNOS. After 6 h of incubation, cells
were taken out from culture dishes directly by adding Ultraspec-II RNA reagent (Biotecx
Laboratories Inc.) to isolate total RNA, and Northern blot analyses for iNOS ‘mRNA were
carried out as described in Examples 7 and 8. After 30 min of incubation, PKA activities were
measured in cells by phosphorylation of Kemptide in the presence or absence of the inhibitor
peptide PKI. Results were determined as the mean + S.D. of three different studies. Assay
were conducted for control, LPS, LPS + forskolin, LPS + 8-bromo-cAMP, LPS + (S,)-cAMP,
LPS + H-89, and LPS + (R,)-cAMP.

The compounds forskolin, 8-bromo-cAMP, and (S;)-cAMP, known to increase
intracellular cAMP, inhibited the LPS-stimulated NO production as nitrite, iNOS activity as
conversion of arginine to citrulline, expression of iNOS protein and iNOS mRNA, and
activated PKA activity. The inactive forskolin analogue, 1,9-dideoxyforskolin (10 pM), neither
inhibited the LPS induced iNOS activity nor stimulated the PKA activity (Table 8). Other PKA
activators like B-adrenergic receptor agonist, isoproterenol (10 pM), and cAMP
phosphodiesterase  inhibitor, 3-isobutyl-1-methylxanthine (1 mM), also inhibited
LPS-stimulated NO production and iNOS activity (Table 8). On the other hand,
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LPS-stimulated NO production, iNOS activity, and expression of iNOS protein and mRNA
were increased by PKA inhibitors (H-89 and (Ry)-cAMP). However, in the absence of LPS
neither PKA activators nor PKA inhibitors had any effect on the production of NO. This
inhibition of NO production by cAMP was not only confined to astrocytes, but forskolin was
also found to inhibit LPS, and cytokine-induced NO production in rat Cg glial cells. Cg4 glial
cells incubated in serum-free DMEM/F-12 received 10 uM forskolin 15 min before the addition
of LPS and cytokines. Nitrite concentrations were measured in supernatants after 24 h of
incubation as described in Example 6. Concentrations of different stimuli were included LPS,
0.5 pg/ml; TNF-a, 20 ng/ml; IL-1B, 50 ng/ml; and IFN-y, 50 units/ml. Data were measured as
the mean + S.D. of three different studies. Assay were conducted for control, LPS, LPS +
TNF-a, LPS + IFN-y, LPS + IL-1B, LPS + TNF-a + forskolin, LPS + forskolin + IFN-vy, and
LPS + forskolin + IL-1p.

The decrease in LPS-induced iNOS expression with the increase in cAMP level and the
increase in LPS-induced iNOS expression with the decrease in cAMP level clearly delineate
cAMP and cAMP-dependent protein kinase as important regulators of iNOS biosynthesis in
glial cells.

Table 8
Inhibition Of LPS-Induced Nitrite Accumulation In Rat Primary
Astrocytes By Different cAMP Agonists

Stimuli Nitrite Inhibition
nmol/mg/24 h %
Control 3.2+04
LPS 31.4+3.6 0
LPS + forskolin 47+1.2 85
LPS + dideoxyforskolin 31.2+4.1 -
LPS + isoproterenol 8.1+23 74
LPS + IBMX 6.8+1.3 78
LPS + Rolipram 62+1.2 80

Primary astrocytes were cultured for 24 h in serum-free DMEM/F-12 with the listed reagents;

nitrite concentration in the supernatants was then measured as described above. Concentration
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of reagents were: LPS, 1.0 ng/ml; forskolin, 10 uM; 1,9-dideoxyforskolin, 10 puM;
isoproterenol, 10 uM; 1-isobutyl-1-methylxanthine (IBMX), mM:; Rolipram, 10 uM. All the
cAMP agonists were added to the cells 15 min prior to the addition of LPS. Data are mean +

S.D. of three different studies.

Dose Dependence of Forskolin Inhibition of the LPS Stimulation of iNOS Astrocytes
were incubated with different concentrations of forskolin 15 min before the addition of 1 pg/ml
LPS, and after 24 h the iNOS activity was measured as nitrite concentrations in the supernatant
and conversion of arginine to citrulline in the cellular homogenates (FIG. 1). The level of
nitrite and iNOS activity were inhibited to a similar degree at all the concentrations of forskolin
tested. The lowest does of forskolin found to inhibit iNOS activity and NO production
significantly (by 30%) was 0.1 uM. At 10 uM forskolin, NO production and iNOS activity
were inhibited by about 90%. Higher doses of forskolin (50-100 pM) did not result in further
significant inhibition of iNOS. This may be due to the fact that PKA was already completely
activated in extracts of cells incubated with 10 pM forskolin. The PKA activity increased with
the increase in forskolin concentration. The reciprocal relationship of production of NO and
iNOS activity with PKA activity supports the conclusion that PKA plays a pivotal role in the
regulation of iNOS expression in astrocytes. |

Modulation of LPS-and/or Cytokine-mediated iNOS Expression by Compounds

Modulating Intracellular Levels of cAMP in Rat Primary Astrocytes Primary astrocytes were

stimulated with TNF-a, IL-1$, and IFN-y alone or in different combinations for 24 h and iNOS

was measured. TNF-a, IL-1f3, and IFN-y individually were able to induce iNOS activity,
protein, and mRNA, however, when tested in combinations between them or with LPS, the
magnitude of induction was significantly higher. Cells incubated in serum-free DMEM/F-12
received 10 pM forskolin or 0.2 uM H-89 15 min before the addition of the different cytokines
(TNF-a, 100 ng/ml; IL-1B, 200 ng/ml; IFN-y, 200 units/ml). Assay were conducted for control,
TNF-a, IL-1PB, IFN-y, TNF-a + H-89, IL-1p + H-89, IFN-y + H-89, TNF-o + forskolin, IL-1p
+ forskolin, IFN-y + forskolin. Activities for INOS were measured in cell homogenates after 24
h as described. Results are expressed as means + S.D. of three different studies. Cell
homogenates were immunoblotted with antibodies against mouse macrophage iNOS as

described. After 6 h of incubation, cells were taken out from culture dishes directly by adding
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Ultraspec-II RNA reagent (Biotecx Laboratories Inc.) to isolate total RNA and northern blot
analyses for iNOS mRNA were carried out as described. Forskolin, the activator of PKA,
completely inhibited the cytokine-induced expression of iNOS, whereas H-89, a specific
inhibitor of PKA, stimulated the cytokine-induced expression of iNOS.

Similarly, the induction of iNOS by several combinations of cytokines and LLPS were
also inhibited by forskolin in rat primary astrocytes, indicating that augmentation of the cellular
levels of cAMP and the activation of cAMP-dependent protein kinase represents a general
counter-regulatory mechanism for down-regulation of iNOS expression in astrocytes. Cells in
this study were incubated in serum free DMEM/F-12 received 10 pm forskolin (FOR) for 15
min before the addition of different combinations of LPS and cytokines. After 24 h of
incubation, cell homogenates were analyzed for: iNOS activity, and iNOS protein by
immunoblotting. After 6 h of incubation, cells were taken out and northern blot analyses for
INOS mRNA were carried out as described. Concentrations of different stimuli were: LPS, 0.5
pg/ml; TNF-a, 20 ng/ml; IL-1B, 50 ng/ml; IFN-y, 50 units/ml. Assay were conducted for
control, TNF-o + IFN-y, TNF-o + IL-1B, LPS + IL-1 B, LPS + TNF-a, LPS + IFN-y, TNF-a. +
IFN-y + forskolin, TNF-a + IL-1B + forskolin, LPS + IL-1B + forskolin, and LPS + IFN-y +

forskolin.

EXAMPLE 4
Therapy for X-Adrenoleukodystrophy: Normalization of very long chain
fatty acids and inhibition of induction of cytokines by cAMP

Materials and Methods

Reagents DMEM and bovine calf serum were from GIBCO. Forskolin,
1,9-dideoxyforskolin, 8-Br cAMP, S(p)-cAMP, H-89, rp-cCAMP and rolipram were obtained
from Biomol, USA. Cz,-CoA, NADPH and N-ethylmaleimide were from Sigma (USA).
[2-14C]Malonyl-CoA and K"*CN (52 mCi/mmol) were purchased from DuPont-New England
Nuclear. [1-14C]Lignoceric acid was synthesized by treatment of n-tricosanoyl bromide with
K'"CN as described previously (Hoshi and Kishimoto, 1973).

Enzyme assay for  B-oxidation of lignoceric acid The enzyme activity of
[1-14C]1ignoceric acid B-oxidation to acetate was measured in intact cells suspended in Hank's

Buffered Salt Solution (HBSS). Briefly, the reaction mixture in 0.25 ml of HBSS contained
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50-60 pg of protein and 6 pM [1-'*C]lignoceric acid. Fatty acids were solubilized with
a-cyclodextrin and B-oxidation of [1-"C]lignoceric acid was carried out as described
previously (Singh ef al., 1984; Hashmi et al., 1986; Lageweg et al., 1991; Lazo et al., 1988).
The reaction was stopped after 1 h with 0.625 ml of 1 M KOH in methanol, and the denatured
protein was removed by centrifugation. The supernatant was incubated at 60°C for 1 h,
neutralized with 0.125 ml of 6 N HCI, and partitioned with chloroform and methanol.
Radioactivity in the upper phase is an index of [1—14C]1ignoceric acid oxidized to acetate.

Transport of lignoceric acid into cultured skin fibroblasts Cells were incubated for 15
min at 37°C under isotonic conditions in HBSS with [1-14C]lignoceric acid (6 pM) solubilized
with «a-cyclodextrin as described earlier (Singh et al., 1984; Hashmietal, 1986;
Lageweg eral., 1991). Then cells were scparated from the incubation medium by
centrifugation through an organic layer of brominated hydrocarbons (Cornell, 1980). This was
performed in micro tubes (1.5 ml) containing 50 pl of 0.25 M sucrose in HBSS (as cushion), an
organic layer (400 pl) consisting of a mixture of bromododecane and bromodecane (74, viv),
and an upper layer (500 ul) of cells in HBSS.

Protein kinase A assay Cell extracts were assayed for PKA activity as described
(Graves et al., 1993) and herein by measuring the phosphorylation of kemptide (0.17 mM) in
the presence or absence of PKI peptide (15 pM). PKA activity was calculated as the amount of
kemptide phosphorylated in the absence of PKI peptide minus that phosphorylated in the
presence of PKI peptide.

Enzyme assay for fatty acid elongation The fatty acid elongation activity was assayed
by the method of Tsuji er al. (Tsuji et al., 1984). Briefly, the assay mixture contained 100 mM
potassium phosphate (pH 7.2), 0.5 mM NADPH, 0.05 mM [2-'*C]malonyl-CoA, I mM N-ethyl
maleimide and 50-60 pg of protein in a total volume of 0.25 ml. The concentrations of
Cis.0-CoA was 1 mM. The reaction was started at 37°C by the addition of total homogenate
and stopped by the addition of 1.25 ml of 10% (w/v) KOH after 30 min incubation. After
saponification at 100°C for 30 min, the solutions were acidified with 1 ml of 4N HCI and fatty
acids were extracted with 2.5 ml of n-pentane three times. The radioactivities incorporated into
fatty acids were measured with a liquid scintillation counter.

Measurement of VLCFA in Fibroblasts Fatty acid methyl ester (FAME) was prepared
as described previously by Lepage and Roy (1986) with modifications. Fibroblast cells,
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suspended in HBSS, were disrupted by sonication to form a homogeneous solution. An aliquot
(200 pl) of this solution was transferred to a glass tube and 5 g heptacosanoic (27:0) acid was
added as internal standard and lipids were extracted by Folch partition. Fatty acids were
transesterified with acetyl chloride (200 pl) in the presence of methanol and benzene (4:1) for 2
h at 100°C. The solution was cooled down to room temperature followed by addition of 5 ml
6% potassium carbonate solution at ice-cooled temperature. Isolation and purification of
FAME were carried out as detailed by Dacremont et al. (1995). Purified FAME, suspended in
chloroform, were analyzed by gas chromatograph GC-15A attached with chromatopac C-R3A
integrator from Schimadzu Corporation.

Preparation of post-nuclear membrane and western blot analysis The membranes were
prepared as described previously (Contreras et al., 1996). Briefly, the post-nuclear fraction was
diluted with an ice-cold solution of 0.1 M sodium carbonate, 30 mM iodoacetamide, pH 11.5.
After 30 min of incubation at 4°C, the membranes were sedimented by ultracentrifugation. The
sedimented membranes were electrophoresed in 7.5% sodium dodecylsulfate-polyacrylamide
gel, transferred to PVDF membranes and immunoblotted with antibodies against ALDP as
described (Contreras et al., 1996).

RNA isolation and Northern blot analysis Cultured skin fibroblasts were taken out from
culture flasks directly by adding Ultraspec-II RNA reagent (Biotecx Laboratories Inc.) and total
RNA was isolated according to the manufacturer's protocol. Twenty micrograms of RNA from
each sample were electrophoretically resolved on 1.2% denaturing formaldehyde-agarose gel,
transferred to nylon membrane, and cross-linked using UV Stratalinker (Stratagene, USA). Full
length ALDP c¢DNA was obtained from Dr. Patrick Aubourg, INSERM, Hospital
Saint-Vincent-de-Paul, Paris, France. **P-labeled cDNA probes were prepared according to the
instructions provided with Ready-To-Go DNA labeling kit (Pharmacia Biotech). Northern blot
analysis was performed essentially as described for Express Hyb Hybridization solution
(Clontech) at 68°C. Actin cDNA probe was used as standard for comparing hybridization
signals.

Isolation of rat primary astrocytes and microglia Astrocytes were prepared from rat
cerebral tissue as described (McCarthy and De Vellis, 1980) and herein. Microglial cells were
isolated from mixed glial cultures according to the procedure of Guilian and Baker (1986). For

the induction of cytokine production, cells were stimulated with LPS in serum-free condition.
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Determination of TNF-o. and IL-1B in culture supernatants Cells were stimulated with
LPS in serum-free media for 24 h in the presence or absence of forskolin or rolipram, and
concentrations of TNF-o and IL-1B were measured in culture supernatants by using
high-sensitivity enzyme-linked immunosorbent assay (R&D Systems, USA) according to the

manufacturer's instructions.

Results

Compounds that modulate the intracellular cAMP also modulate the B-oxidation of
lignoceric acid and fatty acid chain elongation in X-ALD fibroblasts: First, the effect of cAMP
derivatives on lignoceric acid B-oxidation in control human fibroblasts was examined. Cultured
skin fibroblasts were treated with different activators and inhibitors of protein kinase A (PKA)
and tested for B-oxidation of lignoceric acid. It is apparent from Table 9 that compounds
known to increase cAMP (forskolin and 8-Br-cAMP) stimulated lignoceric acid p-oxidation
whereas compounds known to decrease cAMP (H-89 and myristoylated PKI) inhibited
lignoceric acid B-oxidation in control skin fibroblasts. The inactive analogue of forskolin,
1,9-dideoxyforskolin, was ineffective in stimulating B-oxidation (Table 9). These results
indicate that PKA has a positive modulatory role on lignoceric acid B-oxidation. Since the
B-oxidation of lignoceric acid is impaired in X-ALD patients, the inventor studied the effect of
different activators and inhibitors of PKA on lignoceric acid B-oxidation in cultured skin
fibroblasts of X-ALD. FIG. 2 shows that the compounds (forskolin, 8-bromo cAMP and

rolipram) known to increase intracellular cAMP stimulated lignoceric acid B-oxidation (FIG.

2A) and activated the PKA activity (FIG. 2C). On the other hand, B-oxidation of lignoceric

acid was inhibited by PKA inhibitors (H-89 and myristoylated PKI). A combination of
forskolin (activator of PKA) and H-89 or myristoylated PKI (inhibitors of PKA) had relatively
little effect on the activation of PKA as well as on the B-oxidation of lignoceric acid. These
observations indicate that 3-oxidation of lignoceric acid is modulated by cAMP and PKA.
However, in contrast to the effects on B-oxidation of lignoceric acid, activators of PKA
inhibited the fatty acid chain elongation and inhibitors of PKA stimulated this activity in
X-ALD fibroblasts (FIG. 2B). The increase in B-oxidation of lignoceric acid by forskolin and
it's inhibition by H-89 were dose-dependent. Cells in this experiment were incubated in
serum-containing DMEM with different concentrations of forskolin (0-10 pM) or H-89 (0-4
uM) for 72 h. After every 24 h, media was replaced with the addition of fresh reagents.
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B-oxidation of lignoceric acid (pmol/h/mg protein) was measured in cell-suspension as
described in the methods section.

To understand the mechanism of cAMP-mediated stimulation of lignoceric acid
B-oxidation, fibroblasts of X-ALD were treated with cAMP analogs, and the transport of
lignoceric acid into intact cells and B-oxidation of lignoceric acid in cell homogenates of
X-ALD were measured. Similar to the modulation of lignoceric acid B-oxidation, activators of
PKA also stimulated the transport of lignoceric acid into ALD cells by more than two fold
whereas inhibitors of PKA inhibited the transport of lignoceric acid by 40 to 50 percent.
Stimulation of lignoceric acid B-oxidation in cell homogenates of ALD fibroblasts as well as in
cell suspension (FIG. 2A) indicates that increase in B-oxidation is not due to an intracellular
increase of substrate concentration but by stimulation of enzyme system for oxidation of
lignoceric acid. In the cell, fatty acids are oxidized by mitochondrial and peroxisomal
B-oxidation enzyme. Etomoxir, an inhibitor of mitochondrial B-oxidation of fatty acids
(Mannaerts ez al., 1979), had no effect on cAMP-mediated stimulation of lignoceric acid
B-oxidation indicating that the observed stimulation of lignoceric acid was a peroxisomal
function. The increase in B-oxidation and transport of lignoceric acid but the decrease in fatty
acid chain elongation with the increase in cAMP level and PKA activity, and the decrease in
B-oxidation and transport of lignoceric acid but the increase in fatty acid chain elongation with
the decrease in cAMP level and PKA activity clearly delineate cAMP and cAMP-dependent
protein kinase A as important regulators of the metabolism of VLCFA.
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Table 9
Effects of different agonists and antagonists of PKA on B-oxidation of lignoceric

acid in control human fibroblasts

Treatments Lignoceric acid B-oxidation
(pmol/h/mg protein)

Control 565.2+48.3
Forskolin 885.3+62.1
1,9 dideoxy forskolin 571.4+39.6
8-Br-cAMP 872.0+53.7
H-89 405.6+44.1
Myristoylated PKI 432.3+46.5

Cells were treated for 72 h serum-containing DMEM with the listed reagents; B-oxidation of
lignoceric acid was measured as described under "Material and Methods". Media was replaced
after every 24 h with the addition of fresh reagents. Concentrations of reagents were:
forskolin, 4 and uM; 1,9 dideoxy forskolin, 4uM; 8-Br-cAMP, 50uM; H-89, 1 uM;
myristoylated PKI, 0.2 uM. Data are mean + S.D. of three different experiments.

Modulation of cellular content of VLCFA in X-ALD and AMN fibroblasts by compounds
modulating intracellular levels of cAMP Since cAMP derivatives increase B-oxidation of
lignoceric acid and decrease fatty acid chain elongation, the effect of cAMP derivatives on the
level of VLCFA in X-ALD fibroblasts was examined. Treatment of X-ALD fibroblasts with 4
UM of forskolin for different time periods (days) resulted in a time-dependent increase in
oxidation of lignoceric acid and a time-dependent decrease C,,, in the ratios of Cy6.¢/Cps.0 and
C24:0/Caz:0 as shown in FIG. 3A-3C. Within 12 to 15 days of treatment, the ratios of Cy6.0/Can-0
and Cy4.,¢/Cyy.0 in X-ALD fibroblasts decreased to the normal level. This decrease in the ratios
of Cp4./Cy.0 and Cy,.0/Cyy.o Was also associated with the decrease in the absolute amounts of
Ca4:0 and Cyep Whereas no significant change was observed in the levels of C,,.0 (behenoic
acid). To decipher the possible mechanism of this dramatic decrease of VLCFA, X-ALD
fibroblasts were treated with different activators of PKA (forskolin, 8-Br-cAMP and rolipram)
for 15 days and analyzed the level of VLCFA. The treatment of X-ALD cultured skin

fibroblasts with compounds known to increase intracellular cAMP lowered the ratios of
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Ci6:0/Caz0 and C,4.¢/Cyy to the normal level. Cells were incubated in serum-containing
DMEM for 15 days with control, forskolin, 8-Br-cAMP, rollpram, forskolin + H-89, H-89, and
IFN-B, and the ratios of Cy,0/Cyz.9 and C,y.o/Cy.o Were measured as described in Example 4.
Concentrations of reagents were: forskolin, 4 pM; 8-Br-cAMP, 50 puM; rolipram, 10 uM;
H-89, 1 uM; myristoylated PKI, 0.2 uM; IFN-B, 50 U/ml. Data are mean + S.D. of three
different experiments. The inactive forskolin analogue, 1,9-dideoxyforskolin, had no effect on
the ratios of Cyp.0/Cpy.p and Cyy.¢/Cyyo. However, compared to X-ALD fibroblasts, forskolin
marginally lowered the ratios of Cyg.0/Csy.9 and Cyy.¢/Coy. in control skin fibroblasts. A two
weeks treatment with forskolin lowered the ratio of C16:0/Cpy.0 from 0.04 to 0.029 and the ratio
of Cy4.¢/Cyp. from 1.23 to 1.12. Consistent with the effect of H-89 and myristoylated PKI on
the B-oxidation of lignoceric acid, these two compounds blocked the observed effect of
forskolin on the level of VLCFA when added along with forskolin indicating that cAMP
analogs lower the level of VLCFA in X-ALD fibroblasts via activation of PKA. On the other
hand, interferon-B, which has been indicated as a possible therapy for X-ALD based on
favorable effects found in multiple sclerosis (Moser, 1995), was ineffective in lowering the
ratios of Cy4.0/Cpy.0 and Cy4.4/Cpy. in skin fibroblasts of X-ALD.

Normalization of the levels of VLCFA by forskolin or rolipram in different X-ALD cells
with or without deletion of the X-ALD gene Although the precise function of ALDP, an
X-ALD gene product, in the metabolism of VLCFA is not known at the present time,
accumulation of VLCFA in X-ALD cells with loss or mutations of ALDP and their
normalization following transfection of ¢cDNA for ALDP indicate a role of ALDP in the
metabolism of VLCFA (Cartier et al., 1995). Therefore, the inventor examined whether
decrease in VLCFA in X-ALD fibroblasts by activators of PKA is mediated through the
involvement of the ALD gene. ALDS1, ALDS5 and ALDS6 are X-ALD skin fibroblasts with
deletion of the X-ALD gene, whereas ALDS2, ALDS3 and ALDS4 are X-ALD skin fibroblasts
with mutation of the X-ALD gene. These cell lines were incubated in serum-containing
DMEM with 4 uM forskolin for 15 days or control medium, and the ratios of Cu6.0/Cqp.0 and
C24:0/Cp2, P-oxidation of lignoceric acid and elongation of fatty acids were measured as
described in Example 4. X-ALD cells with mutation or deletion of the ALD gene were treated
with forskolin for two weeks and tested for the levels of ALDP protein and it's mRNA, levels of

VLCFA. Results were measured as the mean + S.D. of three different experiments.
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It was apparent that treatment of X-ALD fibroblasts with forskolin for two weeks had
no effect on the steady state levels of ALDP and its mRNA in X-ALD cells. However,
forskolin normalized the level of VLCFA in X-ALD fibroblasts by decreasing the rate of fatty
acid chain elongation and increasing the rate of B-oxidation of lignoceric acid despite the status
of mRNA and protein of ALDP. Treatment of X-ALD fibroblasts with rolipram for two weeks
also increased the oxidation of lignoceric acid between 50 to 65 percent and normalized the
levels of VLCFA in these cell lines indicating that rolipram, an inhibitor of cAMP
phosphodiesterase, has same effect on the metabolism of VLCFA in X-ALD cells with
nonfunctional ALDP due to a mutation or with absence of ALDP due to a deletion of the
X-ALD gene.

Forskolin and rolipram inhibit the induction of cytokine production in rat primary
astrocytes and microglia Since both astrocytes and microglia, reactive glial cells, in the
demyelinating lesions of ALD brain, are reported to express TNF-a, and IL-1B (Powers et al.,
1992; McGuinness et al., 1995), the effect of cAMP derivatives on the induction of cytokine
production in astrocytes and microglia was studied. Primary astrocytes in serum-free
DMEM/F-12 were treated with different activators and inhibitors of PKA 15 min before the
addition of 1 pg/ml of lipopolysaccharide (LPS). FIG. 4 shows that the compounds (forskolin,
8-bromo-cAMP, and rolipram) known to increase intracellular cAMP inhibited the
LPS-stimulated production of TNF-o (FIG. 4A) and IL-1B (FIG. 4B), and activated PKA
activity (FIG. 4C). On the other hand, LPS-stimulated production of TNF-ct and IL-1p were
increased by inhibitors of PKA (H-89 and myristoylated PKI). The reciprocal relationship of
induction of TNF-o. and IL-1B with PKA activity supports the conclusion that PKA plays a
pivotal role in the regulation of proinflammatory cytokines in astrocytes. Similar to astrocytes,
forskolin or rolipram also inhibited the LPS-induced production of TNF-a and IL-1 3, and H-89
stimulated the production of these proinflammatory cytokines in rat primary microglia
(Table-10).
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Table 10
Inhibition of LPS-induced production of TNF-c and IL-1B in rat primary microglia

by forskolin and rolipram

Production of Treatments
cytokines LPS only LPS + Forskolin LPS + Rolipram
TNF-a 14.1+2.1 0.9+0.1 1.2+0.09
IL-1B 20.8+2.8 1.9+0.2 2.3+0.3

Cells preincubated with 10 pM forskolin or 20 pM of rolipram for 15 min in serum-free
condition was stimulated with 1.0 pg/ml of LPS. After 24 h of incubation, concentrations of
TNF-o and IL-B were measured in supernatants as described in the methods section. TNF-o
and IL-B are expressed as ng/24 h/mg protein. Data are expressed as the mean + S.D. of three

different experiments.

EXAMPLE 5
Lovastatin and sodium phenylacetate normalize the level of very long chain

fatty acids in skin fibroblasts of X-Adrenoleukodystrophy

Materials and Methods

Reagents DMEM, bovine calf serum and Hank's Buffered Salt Solution (HBSS) were
from GIBCO. [1-14C]Lignoceric acid was synthesized by treatment of n-tricosanoyl bromide
with K" CN as described previously.

Enzyme assay for PB-oxidation of lignoceric acid The enzyme activity of
[1-14C]lignoceric acid B-oxidation to acetate was measured in intact cells suspended in HBSS.
Briefly, the reaction mixture in 0.25 ml of HBSS contained 50-60 pg of protein and 6 uM
[1-14C]lignoceric acid. Fatty acids were solubilized with a.-cyclodextrin and B-oxidation of
[1-14C]lignoceric acid was carried out as described previously (Singh et al., 1984; Lazo et al.,
1988).

Measurement of VLCFA in Fibroblasts Fatty acid methyl ester (FAME) was prepared
as described previously (Lepage and Roy, 1986) with modifications. Fibroblast cells,
suspended in HBSS, were disrupted by sonication to form a homogeneous solution. An aliquot

(200 pl) of this solution was transferred to a glass tube and 5 pg heptacosanoic (27:0) acid was
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added as internal standard and lipids were extracted by Folch partition. Fatty acids were
transesterified with acetyl chloride (200 pl) in the presence of methanol and benzene (4:1) for 2
h at 100°C. The solution was cooled down to room temperature followed by addition of 5 ml
6% potassium carbonate solution at ice-cooled temperature. Isolation and purification of
FAME were carried out as detailed by Dacremont ez al. ( 1995). Purified FAME, suspended in
chloroform, were analyzed by gas chromatograph GC-15A attached with chromatopac C-R3A
integrator from Shimadzu Corporation.

Preparation of post-nuclear membrane and western blot analysis The membranes were
prepared as described previously (Contreras et al., 1996). Briefly, the post-nuclear fraction
was diluted with an ice-cold solution of 0.1 M sodium carbonate, 30 mM iodoacetamide, pH
11.5. After 30 min of incubation at 4°C, the membranes were sedimented by
ultracentrifugation. The sedimented membranes were electrophoresed in 7.5% sodium
dodecylsulfate-polyacrylamide gel, transferred to PVDF membranes and immunoblotted with
antibodies against ALDP as described (Contreras ez al., 1996).

RNA isolation and Northern blot analysis Cultured skin fibroblasts were taken out from
culture flasks directly by adding Ultraspec-IT RNA reagent (Biotecx Laboratories Inc.) and total
RNA was isolated according to the manufacturer's protocol. Twenty micrograms of RNA from
each sample were electrophoretically resolved on 1.2% denaturing formaldehyde-agarose gel,
transferred to nylon membrane, and cross-linked using UV Stratalinker (Stratagené, USA). Full
length ALDP cDNA was obtained from Dr. Patrick Aubourg, INSERM, Hospital
Saint-Vincent-de-Paul, Paris, France. *’P-labeled cDNA probes were prepared according to the
instructions provided with Ready-To-Go DNA labeling kit (Pharmacia Biotech). Northern blot
analysis was performed essentially as described for Express Hyb Hybridization solution
(Clontech) at 68°C. GAPDH cDNA probe was used as standard for comparing hybridization

signals.

Results

Inhibitors of mevalonate pathway stimulate the B-oxidation of lignoceric acid in X-ALD
Jibroblasts First, the effect of mevalonate inhibitors (lovastatin, mevastatin and NaPA) on the
B-oxidation of lignoceric acid in control human fibroblasts was examined. It is apparent from
Table 11 that lovastatin, mevastatin and NaPA stimulated the fB-oxidation of lignoceric acid in

control human fibroblasts. Since the B-oxidation of lignoceric acid is impaired in X-ALD



10

15

20

WO 99/26657 PCT/US98/25360

102

patients, the effect of these compounds on lignoceric acid B-oxidation was studied in cultured

skin fibroblasts of X-ALD.

Table 11
Lovastatin and NaPA stimulate the B-oxidation of lignoceric acid in control

human skin fibroblasts

Treatments Lignoceric acid B-oxidation
(pmol/h/mg protein)
Control 570.2£52.3
Lovastatin (5 uM) 945.7 £105.6
Mevastatin (5 uM) 889.6 £ 78.4
NaPA (5 mM) 826.2 £ 87.2

Cells were treated for 72 h in serum-containing DMEM with the listed reagents; B-oxidation of
lignoceric acid was measured as described in the methods section. Media was replaced after

every 24 h with the addition of fresh reagents. Data are mean + S.D. of three different studies.

Similar to control fibroblasts, these compounds also stimulated lignoceric acid
B-oxidation in X-ALD skin fibroblasts. Cells were incubated in serumn-containing DMEM with
different concentrations of lovastatin (0-10 pM) or NaPA (0-5 mM). After every 24 h, media
was replaced with the addition of fresh reagents. Lignoceric acid B-oxidation was measured
(pmol/h/mg protein) after 72 h in cell-suspension as described in the methods section. Values
were determined as the mean + S.D. of three different studies. Both lovastatin and NaPA
dose-dependently stimulated lignoceric acid B-oxidation in X-ALD fibroblasts. The highest
dose of lovastatin found to stimulate lignoceric acid B-oxidation (by 70%) was 5 uM whereas
the highest dose of NaPA found to stimulate lignoceric acid B-oxidation (by 40%) was 5 mM.
However, greater degree of stimulation (more than two fold) was observed by a combination of
lovastatin and NaPA even at a dose lower than the one used individually. Higher doses of
lovastatin (10-20 uM) or NaPA (10-20 mM) were cytotoxic to the X-ALD fibroblasts and did
not result in further significant stimulation. In the cell, fatty acids are oxidized by
mitochondrial and peroxisomal B-oxidation enzyme. Etomoxir, an inhibitor of mitochondrial

B-oxidation of fatty acids (Mannaerts et al., 1979), had no effect on lovastatin- or
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NaPA-mediated stimulation of lignoceric acid B-oxidation indicating that the observed
stimulation of lignoceric acid B-oxidation was a peroxisomal function.

Modulation of cellular content of VLCFA in X-ALD ﬁbroblastsrby lovastatin and NaPA
Since mevalonate inhibitors increased B-oxidation of lignoceric acid in control as well as
X-ALD fibroblasts, the inventor examined the effect of these compounds on the level of
VLCFA in X-ALD fibroblasts. Treatment of X-ALD cultured skin fibroblasts with 5 uM of
lovastatin for different time periods (days) resulted in a time-dependent decrease in the ratios of
C6:0/Caz0 and Cy4.¢/Chzg.  Cells were incubated in serum-containing DMEM with 5 uM
lovastatin, 5 mM NaPA or the combination of 4 uM lovastatin and 2 mM NaPA for 0-15 days,
and the ratios of Cy4.¢/Cp (24A) and C,y.o/Chy.p (24B) were measured every 3 days as
described in the methods section. Values are mean of two different studies. Within 12 to 15
days of treatment, the ratios of C,4.0/C,,.o and Ca4:0/Cyp.0 in X-ALD fibroblasts decreased to the
normal level. Similar to lovastatin, NaPA also lowered the ratios of Cr6:0/Caa.0 and Cy4.¢/Cosyg
in X-ALD fibroblasts almost to the normal level after 15 days of treatment. However,
consistent with the higher degree of stimulation of lignoceric acid B-oxidation by a combination
of lovastatin and NaPA, the same combination lowered the ratios of C6:0/Cy2.0 and Cy4.¢/Chy
to the normal level within 7 days. This decrease in the ratios of C6:0/Cap.0 and Cyy.o/Css.o Was
also associated with the decrease in the absolute amounts of Cy4,0 and C,q, whereas no
significant change was observed in the levels of C,,., (behenoic acid).

Normalization of the levels of VLCFA by lovastatin or NaPA in different X-ALD cells
with or without deletion of the X-ALD gene Although the precise function of ALDP, X-ALD

gene product, in the metabolism of VLCFA is not known at the present time, however,

accumulation of VLCFA in X-ALD cells with loss or mutations of ALDP and their
normalization following transfection of ¢cDNA for ALDP indicate a role of ALDP in the
metabolism of VLCFA (Cartier ef al., 1995). Therefore, the inventor examined whether
lovastatin or NaPA were able to lower the level of VLCFA in different X-ALD fibroblasts with
mutation or deletion of the X-ALD genc. The status of ALDP mRNA or protein and the rate of
p-oxidation of lignoceric acid (Table 12) in different X-ALD fibroblasts indicates that ALDS2,
ALDS3 and ALDS4 are X-ALD skin fibroblasts with mutation of the X-ALD gene, whereas
ALDSS and ALDS6 are X-ALD skin fibroblasts with deletion of the X-ALD gene. It is
apparent from Table 3 that treatment of X-ALD fibroblasts with lovastatin or NaPA or the
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combination of these two stimulated the B-oxidation of lignoceric acid (55-80%) and
normalized the ratios of Cy4.¢/Cpy.9 and Cypy.¢/C,y. indicating that these drugs are capable of
lowering the level of VLCFA in X-ALD fibroblasts to the normal level, irrespective of
mutation or deletion of the X-ALD gene, the candidate gene for X-ALD.

Table 12-A
Effect of lovastatin and NaPA on (A) B-oxidation of lignoceric acid and (B) the ratios
of C26:0/C22:0 and C24;0/C22:0 in cultured skin ﬁbrOblaStS of X-ALD

Lignoceric acid B-oxidation (pmolV/h/mg protein)

Control Lovastatin NaPA Lovastatin +

NaPA
ALDS2 142.7 +15.7 223.5+24.1 202.5+174 274.6 +30.5
ALDS5 1542 +14.2 248.2 +26.2 211.5+22.6 296.2 +25.6
ALDS6 132.4+15.9 218.3+19.8 189.7+21.2 250.1 +28.3
ALDS3 1223 +11.7 201.3+22.3 183.2+17.3 248.6 +29.6
ALDS4 1185+ 12.6 192.8 +20.5 178.9 +18.3 238.7 +21.1
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The results of the preceding Examples 1-4 that lovastatin and NaPA inhibit the
induction of nitric oxide synthase and proinflammatory cytokines (TNF-c, IL-1f and IL-6) in
rat primary astrocytes, microglia and macrophages indicates that these drugs, alone or in
combination, represent a novel approach for therapeutics directed against cytokine- and
NO-mediated brain disorders, particularly in demyelinating conditions. Lovastatin and NaPA
have already been approved for medication/drug trials on human diseases. Therefore,
normalization of VLCFA by lovastatin and NaPA in X-ALD fibroblasts indicates that these
drugs may be used to lower the level of VLCFA and ameliorate the myelinolytic inflammation

in X-ALD patients.

EXAMPLE 6
Inhibitors of Phosphatase 1 and 2A Differentially Regulate
Expression of iNOS

Materials and Methods

Reagents Recombinant rat IFN-y, DMEM/F-12 medium, fetal bovine serum, Hanks'
balanced salt solution (HBSS) and NF-kB DNA binding protein detection kit were from
GIBCO. Human ILI-B was from Genzyme. Mouse recombinant TNF-o was obtained from
Boehringer Mannheim, Germany. LPS (Escherichia coli) was from Sigma.
NG-methyl-L-arginine (L-NMA), okadaic acid, calyculin A, cantharidin and antibodies against
mouse macrophage iNOS were obtained from Calbiochem, USA. Deltamethrin and fenvalerate
were obtained from Biomol, USA. [y->P]JATP (3000 Ci/mmol) were from Amersham, USA.

Induction of NO production in astrocytes and Cs glial cells Astrocytes were prepared
from rat cerebral tissue as described by McCarthy and DeVellis (McCarthy and DeVellis,
1980). Cells were maintained in DMEM/F-12 medium containing 10% fetal bovine serum
(FBS).

After 10 days of culture astrocytes were separated from microglia and oligodendrocytes
by shaking for 24 h in an orbital shaker at 240 rpm. The shaking was repeated two more times
after a gap of one or two days time before subculturing to ensure the complete removal of all
the oligodendrocytes and microglia. Cells were trypsinized, subcultured and stimulated with
LPS or different cytokines in serum-free DMEM/F-12. C¢ glial cells obtained from ATCC was

also maintained and induced with different stimuli as above.
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Isolation of rat macrophages and induction of NO production Resident macrophages
were obtained from rat by peritoneal lavage with sterile RPMI 1640 medium containing 1%
fetal bovine serum and 100 pg/ml gentamicin as described herein. Cells were washed three
times with RPMI 1640 at 4°C. All cell cultures were maintained at 37°C in a humidified
incubator containing 5% CO, in air. Macrophages at a concentration of 2 x 10%/ml in RPMI
1A64O medium containing L-glutamine and gentamicin were added in volumes of 800 ul to a 35
mm plate. After 1 h, nonadherent cells were removed by washing and 800 pl of serum-free
RPMI 1640 medium with various stimuli were added to the adherent cells. After incubation in
5% CO, in air at 37°C, culture supernatants were transferred to measure NO production.

Assay for NO synthesis Synthesis of NO was determined by assay of culture
supernatants for nitrite, a stable reaction product of NO with molecular oxygen. Briefly, 400 pl
of culture supernatant was allowed to react with 200 pl of Griess reagent and incubated at room
temperature for 15 min. The optical density of the assay samples was measured
spectrophotometrically at 570 nm. Fresh culture media served as the blank in all studies.
Nitrite concentrations were calculated from a standard curve derived from the reaction of
NaNO, in the assay.

In vitro PP1/24 assay The extraction and assay for PP1/2A were performed as
described (Begum and Ragolia, 1996). Control and treated cells were scraped off the dishes
with 0.3 ml of phosphatase extraction buffer containing 20 mM imidazole-HCl, 2 mM EDTA, 2
mM EGTA, pH 7.0, with 10 pg/ml each of aprotinin, leupeptin, antipain, soybean trypsis
inhibitor, 1 mM benzamide, and 1 mM PMSF. The cells were sonicated for 10 s and

| centrifuged at 2000 x g for 5 min, and the supernatants were used for the assay of phosphatase

activities using the protein phosphatase assay kit (Life Technologies, Inc.) according to the
manufacturer' s protocol.

Immunoblot analysis for iNOS Following 24 h incubation in the presence or absence of
different stimuli, cells were scraped off, washed with Hank's buffer, and homogenized in 50
mM Tris-HCI (pH 7.4) containing protease inhibitors. After electrophoresis the proteins were
transferred onto a nitrocellulose membrane, and the iNOS band was visualized by
immunoblotting with antibodies against mouse macrophage iNOS and [1251] -labeled protein A.

RNA isolation and Northern blot analysis Cells were taken out from culture dishes

directly by adding Ultraspec-II RNA reagent (Biotecx Laboratories Inc.) and total RNA was
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isolated according to the manufacturer's protocol. For Northern blot analyses, 20 pg of total
RNA was electrophoresed on 1.2% denaturing formaldehyde-agarose gels, electrotransferred to
Hybond-Nylon Membrane (Amersham) and hybridized at 68°C with **P-labeled cDNA probe
using Express Hyb hybridization solution (Clontech) as described by the manufacturer. The
cDNA probe was made by PCR™ amplification using two primers (forward primer:
S'-CTCCTTCAAAGAGGCAAAAATA-3’ (SEQ ID NO:1); reverse primer:
5'-CACTTCCTCCAGGATGTTGT-3" (SEQ ID NO:2) (Geller et al., 1993). After
hybridization filters were washed two or three times in solution I (2X SSC, 0.05% SDS) for one
hour at room temperature followed by solution II (0.1X SSC, 0.1 % SDS) at 50°C for another
hour. The membranes were then dried and exposed with X-ray films (Kodak). The same filters
were stripped and rehybridized with probes for GAPDH. The relative mRNA content for iINOS
was measured after scanning the bands with a Biorad (Model GS-670) imaging densitometer.

Preparation of nuclear extracts and electrophoretic mobility shift assay Nuclear
extracts from stimulated or unstimulated astrocytes (1 x 107 cells) were prepared as described
(Dignam et al., 1983) with slight modification. Cells were harvested, washed twice with
ice-cold phosphate-buffered saline and lysed in 400 ul of buffer A (10 mM HEPES, pH 7.9, 10
mM KCI, 2 mM MgCl,, 0.5 mM DTT, 1 mM PMSEF, 5 pug/ml aprotinin, 5 pg/ml pepstatin A,
and 5 pg/ml leupeptin) containing 0.1% Nonidet P40 for 15 min on ice, vortexed vigorously for
15 s, and centrifuged at 14,000 rpm for 30 s. The pelleted nuclei were resuspended in 40 ul of
buffer B (20 mM HEPES, pH 7.9, 25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM DTT, 1 mM PMSF, 5 ug/ml aprotinin, 5 png/ml pepstatin A, and 5 pg/ml
leupeptin). After 30 min on ice, lysates were centrifuged at 14,000 rpm for 10 min.
Supernatants containing the nuclear proteins were diluted with 20 ul of modified buffer C (20
mM HEPES, pH 7.9, 20% (v/v) glycerol, 0.05 M KCI, 0.2 mM EDTA, 0.5 mM DTT, and 0.5
mM PMSF) and stored at -70°C until use. Nuclear extracts were used for the electrophoretic
mobility shift assay using the NF-kB DNA binding protein detection system kit (GIBCO/BRL),
according to the manufacturer’ s protocol.

Construction of reporter plasmid, transfection and assay of chloramphenicol acetyl
transferase activity The CAT (chloramphenicol acetyl transferase) under the control of nitric
oxide synthase promoter (iNOS) was created by subcloning 1.5 kb promoter from pGEM-NOS
at Sph1 and Sall restriction sites of pCAT-basic vector (Promega). Full length promoter
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(Eberhardt et al., 1996) was  amplified by using two primers  (Forward:
5'-GAGAGTGTGCAAGTATTTGTAGGAG-3’ (SEQ ID NO:6) and reverse:
5'-AAGGTGGCTGAGAAGTTTCA-3’ (SEQ ID NO:7)) from rat genomic DNA and cloned in
pGEM-T vector (Promega) to produce pGEM-NOS. The clone was confirmed by restriction
mapping and sequencing. The cells were transfected by using the lipofectin (Life Technologies
Inc., USA) method, as has been described in manufacturer's protocol, with 2 ng of reporter
plasmid. They were then stimulated 24 h after transfection and harvested after 14 h of
stimulation. CAT activity was measured as has been described.

Cell viability: Cytotoxic effects of all the inhibitors were determined by the MTT assay

measuring the metabolic activity of cells.

Results

Inhibitors of PP1/24 stimulate LPS-induced production of NO in rat primary
astrocytes: Rat primary astrocytes were cultured in serum-free DMEM/F-12 in the presence of
LPS and inhibitors of different protein phosphatases. The concentration of NO as nitrite (a
stable reaction product of NO with molecular oxygen) was measured in culture supernatants
after 24 h. It is evident from Table 13 that bacterial ILPS at a concentration of 1.0 pg/ml
induced the production of NO as nitrite by about 8 fold. L-NMA, a competitive inhibitor of
NOS suppressed LPS-mediated nitrite secretion indicating that LPS-induced nitrite release in
rat primary astrocytes is dependent on NOS-mediated arginine metabolism (Table 13).
Inhibitors of protein phosphatase (PP) 1/2A (calyculin A and microcystin), PP 2B (deltamethrin
and fenvalerate) or protein tyrosine phosphatase (dephostin and orthovanadate) alone was
neither stimulatory nor inhibitory to nitrite production in control astrocytes. However,
calyculin A and microcystin, when added with the addition of LPS, potentially stimulated
LPS-mediated induction of nitrite production in astrocytes. In contrast, inhibitors of PP 2B
(cypermethrin, deltamethrin and fenﬂzalerate) had no effect on LPS-induced nitrite production in
astrocytes indicating that stimulation of LPS-induced production of NO in astrocytes is specific
for the inhibitors of PP 1/2A.

To understand the mechanism of stimulatory effect of inhibitors of PP 1/2A on the
LPS-mediated nitrite production in astrocytes, the effect of these inhibitors on the protein and
mRNA level of inducible nitric oxide synthase (iNOS) was examined. Rat primary astrocytes

were incubated in serum-free DMEM/F-12 received calyculin A, microcystin or cantharidin
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along with 1.0 ug/ml of LPS. After 24 h, concentration of nitrite was measured in the
supernatants as described in Example 6. Data were taken as the mean + S.D. of three different
experiments. Cell homogenates were electrophoresed, transferred on nitrocellulose membrane
and immunoblotted with antibodies against mouse macrophage iNOS as described in Example
6. After 6 h of incubation, cells were taken out directly by adding ultraspec-II RNA reagent
(Biotecx Laboratories Inc) to the plates for isolation of total RNA, and northern blot analysis
for iINOS mRNA was carried out as described. Assays were conducted for control, LPS, LPS +
calyculin A (1 nM), LPS + calyculin A (2 nM), LPS + microcystin (1 nM), LPS + microcystin
(2 nM), LPS + cantharidin (200 nM), and LPS + cantharidin (400 nM). Consistent with the
production of nitrite, western blot analysis with antibodies against murine macrophage iNOS
and northern blot analysis for iNOS mRNA of LPS-stimulated astrocytes clearly showed that
inhibitors of PP 1/2A (calyculin A, microcystin and cantharidin) enhanced the LPS-mediated
induction of iNOS protein and mRNA.

Since the inhibitors of PP 1/2A stimulated the LPS-mediated induction of iNOS, the
inventor examined whether these inhibitors inhibited the activities of PP 1/2A in LPS-treated
astrocytes. The activities of PP 1/2A were measured in homogenates after 30 min of
incubation. Cells incubated in serum-free DMEM/F-12 received different concentrations of
okadaic acid (0-20 nM) along with 1.0 pg/ml of LPS. After 30 min of incubation, protein
phosphatase activity was measured (nmol PI/mln/mg). Data was measured as the mean + S.D.
of three different experiments. Cells incubated in serum free DMEM/F-12 received different
concentrations of okadaic acid in the presence or absence of 1.0 pg/ml of LPS. After 24 h of
incubation, nitrite concentrations (nmol/mg/24 h) were measured in supernatants. Data are
mean + S.D. of three different experiments. Okadaic acid dose-dependently inhibited the
activities of PP 1/2A and stimulated the LPS-mediated induction of iNOS protein and
production of NO in astrocytes. In a similar manner, calyculin A also inhibited the activities of
PP 1/2A.

Cells incubated in serum-free DMEM/F-12 received different concentrations of okadaic
acid (0, 1, 2, 4, 8, 15, and 20 nM) along with 1.0 pg/mi of LPS. After 24 h of incubation, cell
homogenates were electrophoresed, transferred on nitrocellulose membrane and immunoblotted

with antibodies againsf mouse macrophage iNOS as described before.
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Table 13
Effect of inhibitors of different protein phosphatases on LPS-induced

production of NO in rat primary astrocytes

Stimuli Nitrite (nmol/rag/24 h)
Control | 3.1+0.3

LPS 2824 3.1

LPS + L-NMA (0.1 mM) 52+04

LPS + Cypermethrin (1 nM) 27.6+2.7

LPS + Deltamethrin (1 nM) 26.8+2.9

LPS + Fenvalerate (20 nM) 27.1+2.1

LPS + Calyculin A (2 nM) 67.8+73

LPS + Microcystin (2 nM) 64.8+7.2

Astrocytes preincubated in serum-free DMEM/F-12 for 30 min with L-NMA and different
inhibitors of protein phosphatases received LPS (1.0 pg/ml). After 24 h of incubation, nitrite
concentration in the supernatants were measured as described under "Materials and Methods"

Data are expressed as the mean + S.D. of three different experiments.

Stimulation of LPS- and cytokine-induced production of NO by calyculin A in Cy glial
cell Similar to primary astrocytes, proinflammatory cytokines and LPS induce the production
of nitrite as well as the expression of iNOS in rat Ce glial cells (Feinstein et al., 1994a;
Dobashi et al., 1997). Unlike astrocytes, neither LPS or cytokine(s) alone was not a sufficient
inducer of NO production in rat Ce glial cells (Feinstein et al., 1994a; Dobashi et al. , 1997, A
combination of LPS and cytokines was required to induce the production of NO in C6 glial
cells (Feinstein ef al., 1994a; Dobashi ef al. , 1997).

However, the addition of 2 nM calyculin A along with LPS and cytokines to C; cells
stimulated the expression of iNOS protein and the production of NO (nmol/mg/24 hr) by more
than three fold in Cg glial cells. Samples tested included control, LPS + TNF-a, TNF-o +
IFN-y, TNF-o. + IL-1B, LPS + TNF-o, + calyculin A, TNF-a + IFN-y + calyculin A, and TNF-a
+ IL-1B + calyculin A. After 24 h, con‘centration of nitrite was measured in the supernatants as

described. Data was measured as the mean = S.D. of three different experiments. Cells
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incubated in serum-free DMEM/F-12 received calyculin A along with LPS and cytokines. Cell
homogenates were electrophoresed, transferred on nitrocellulose membrane and immunoblotted
with antibodies against mouse macrophage iNOS as described. These results indicate that both
in primary astrocytes and C6 glial cells the inhibitors of PP 1/2A up regulate the
cytokine-induced expression of iNOS and the production of NO.

Inhibition of LPS- and cytokine-induced NO production by inhibitors of PP1/2A4 in rat
peritoneal macrophages: Since inhibitors of PP 1/2A stimulated the LPS- and cytokine-induced
NO production in rat primary astrocytes and C6 glial cells, the effect of these inhibitors on NO
production and expression of iNOS in rat resident macrophages was examined. Similar to
astrocytes, inhibitors of PP 1/2A alone had no effect on the induction of NO production.
However, in contrast to the stimulation of NO production in astrocytes (Table 13), all three
inhibitors of PP1/2A (calyculin A, microcystin and cantharidin) inhibited the LPS-induced NO
production in rat peritoneal macrophages. Cells in this study were incubated in serum-free
DMEM/F-12 and received calyculin A, microcystin or cantharidin along with 1.0 png/mi of
LPS. Samples tested included control, LPS, LPS + calyculin A (1 nM), LPS + calyculin A
(2 nM), LPS + microcystin (1 nM), LPS + microcystin (2 nM), LPS + cantharidin (200 nM),
and LPS + cantharidin (400 nM). After 24 h, concentration of nitrite was measured
(nmol/mg/24 h) in the supernatants as described in Example 6. Data was measured as the mean
+ S.D. of three different experiments. Cell homogenates were electrophoresed, transferred on
nitrocellulose membrane and immunoblotted with antibodies against mouse macrophage iNOS
as described. After 6 h of incubation, cells were analyzed for iNOS mRNA by northern
blotting technique as described earlier. This decrease in NO production was accompanied by a
decrease in iNOS protein and iNOS mRNA.

Okadaic acid, another very specific and potent inhibitor of PP 1/2A, also
dose-dependently inhibited the LPS-mediated production of NO and expression of iNOS
protein in astrocytes. Cells incubated in serum-free DMEM/F-12 reccived different
concentrations of okadaic acid (0, 5, 10, 15, and 20 nM in the presence or absence of 1.0 pg/ml
of LPS. After 24 h of incubation, nitrite concentrations were measured in supernatants. Data
was determined as the mean + SD. of three different studies. Cells incubated in serum-free
DMEM/F-12 received different concentrations of okadaic acid along with 1.0 pg/ml of LPS.
Samples tested included control, LPS, LPS + okadaic acid (1 nM), LPS + okadaic acid (2 nM),
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LPS + okadic acid (4 nM), LPS + okadic acid (8 nM), LPS + okadic acid (15 nM), LPS +
okadic acid (20 nM). After 24 h of incubation, cell homogenates were electrophoresed,
transferred on nitrocellulose membrane and immunoblotted with antibodies against mouse
macrophage iNOS as described in Example 6.

Similar to macrophages, calyculin A was also found to inhibit the LPS- and
cytokine-induced production of NO and the expression of iNOS protein in the murine
macrophage cell line RAW 264.7. Cells in this study were incubated in serum-free
DMEM/F-12 received calyculin A along with LPS and cytokines. Samples tested included
control, LPS + TNF-a,, TNF-ot + IFN-y, TNF-a + IL-1pB, LPS + TNF-ct + calyculin A, TNF-a
+ IFN-y + calyculin A, and TNF-a + IL-1B + calculin A. After 24 h, concentration of nitrite
(nmol/mg/ 24 h) was measured in the supernatants as described in Example 6. Data are mean +
S.D. of three different studies. Cell homogenates were electrophoresed, transferred on
antibodies against mouse macrophage iNOS as described. Taken together, these results indicate
that PP 1/2A activities are required to induce iNOS gene expression in macrophages.

Differential effect of okadaic acid on iNOS promoter-derived chloramphenicol acetyl
transferase (CAT) activity in LPS-stimulated rat primary astrocytes and macrophages
Differential regulation of the induction of iNOS mRNA and protein in astrocytes and
macrophages by the inhibitors of PP 1/2A indicates that these inhibitors regulate the
transcription of iNOS gene differentially in these two different cell lines. Therefore, to
understand the effect of okadaic acid on the transcription of iNOS gene, astrocytes and
macrophages were transfected with a construct containing the iNOS promoter fused to the CAT
gene, and activation of this promoter was measured after stimulating the cells with LPS in the
presence or absence of okadaic acid. Consistent with the effect of okadaic acid on the
production of NO and the expression of iNOS in two different cell types, okadaic acid
stimulated the LPS-induced CAT activity in astrocytes but inhibited the LPS-induced CAT
activity in macrophages (FIG. 5) indicating that okadaic acid differentially regulates the
transcription of iNOS gene in astrocytes and macrophages.

Effect of okadaic acid on the activation of NF-kB in rat primary astrocytes and
macrophages Inhibitors of PP 1/2A stimulated the induction of iNOS in astrocytes but
inhibited the induction of iNOS in macrophages indicating that PP 1/2A transduce different

signals in two different cell types for the differential regulation of iNOS. Since the activation
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of NF-kB is necessary for the induction of iINOS, to understand the basis of this differential
regulation of induction of iNOS by inhibitors of PP 1/2A, the effect of okadaic acid on the
LPS-induced activation of NF-kB in astrocytes and macrophages was examined. Astrocytes
and macrophages incubated in serum-free DMEM/F-12 were treated with okadaic acid alone or
together with LPS (1.0 pg/ml), and nuclear proteins were isolated. After 1 h of incubation,
cells were taken out to prepare nuclear extracts and nuclear proteins were used for the
electrophoretic mobility shift assay as described in Example 6. Samples assayed included
nuclear extract of control cells, nuclear extract of LPS-treated cells, nuclear extract of
LPS-treated cells incubated with 100-fold excess of unlabelled oligonucleotide, nuclear extract
of cells treated with okadaic acid (5 nM) alone, nuclear extract of cells treated with okadaic acid
(10 nM) alone, nuclear extract of LPS and okadaic acid (5 nM) treated cells, and nuclear extract
of LPS and okadaic acid (10 nM) treated cells. Activation of NF-kB was evaluated by the
formation of a distinct and specific complex in a gel-shift DNA-binding assay. Treatment of
astrocytes or macrophages with 1.0 png/ml of LPS resulted in the activation of NF-kB.

This gel shift assay detected a specific band in response to LPS that was competed off
by an unlabelled probe. Although okadaic acid alone at different concentrations failed to
induce the activation NF-kB in astrocytes yet okadaic acid alone induced the activation of
NF-kB in macrophages. However, in both astrocytes and macrophages, okadaic acid stimulated
the LPS-induced activation of NF-kB.

Inhibitors of PP 1/24 stimulate the LPS-induced production of TNF-a in rat primary
astrocytes and macrophages: Okadaic acid stimulated the transcription of iNOS in astrocytes
and attenuated the transcription of iNOS in macrophages. However, in contrast, okadaic acid
stimulated the activation of NF-kB in both astrocytes and macrophages. Since the induction of
TNF-a also depends on the activation of NF-kB, the effect of okadaic acid on the LPS-induced
production of TNF-a in astrocytes and macrophages was studied. Consistent with the
stimulatory effect of okadaic acid on the LPS-induced activation of NF-kB, okadaic acid
stimulated the LPS-induced production of TNF-o in both astrocytes and macrophages
(Table 14).
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Table 14
Effect of inhibitors of PP 1 and PP 2A on LPS-induced production of TNF-a in rat

primary astrocytes and macrophages

Stimuli TNF-c (ng/24 h/mg protein)
Astrocytes Macrophages
Control ' 0.3+£0.03 0.5+ 0.06
LPS 5.8+£0.7 189+523
LPS + Calyculin A (1 nM) 125+ 1.6 27.5+£3.1
LPS+CalyculinA(2nM) 16.9+ 2.1 31.2+3.6
LPS + Okadaic acid (5 nM) 10.8+1.2 243+19
LPS + Okadaic acid (10 nM) 14.6+1.8 289+3.4

Cells preincubated in serum-free DMEM/F- 12 with different concentrations of okadaic acid for
30 min was stimulated with 1.0 jig/ml of LPS. After 24 h of incubation, concentration of
TNF-o. was measured in supernatants as described under "Materials and Methods”. Data are

expressed as the mean + S.D. of three different experiments.

Effect of inhibitors of PP1/24 on cell viability Astrocytes or macrophages were
incubated with different inhibitors of PP1/2A for 24 h and their viability was determined as

measured by the MTT assay. None of the inhibitors at the concentrations used in this study

decreased or increased the viability of the cells. Therefore, stimulation of the expression of

iNOS in astrocytes and inhibition of the expression of iNOS in macrophages by inhibitors of

PP 1/2A are not due to any change in viability of either astrocytes or macrophages.

EXAMPLE 7
Cytokine-Mediated Induction Of Ceramide Production Is Redox-Sensitive

Materials and Methods

Reagents DMEM/F-12 and fetal bovine serum (FBS) were from GIBCO. Human IL1pB
was from Genzyme. Mouse recombinant TNF-a was obtained from Boehringer Mannheim,
Germany. Diamide, buthione (S,R)-sulfoximine, N-acetyl cysteine, pyrrolidine

dithiocarbamate were from Sigma.
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Isolation and maintenance of rat primary microglia, oligodendrocytes and astrocytes
Microglial cells were isolated from mixed glial cultures according to the procedure of Guilian
and Baker (1986). Briefly, after 7 days the mixed glial cultures were washed 3 times with
DMEM/F-12 containing 10% FBS and subjected to a shake at 240 rpm for 4 h at 37°C on a
rotary shaker. The floating cells were washed and seeded onto plastic tissue culture flasks and
incubated at 37°C. After 30 min the non-attached cells (mostly oligodendrocytes) were
removed by repeated washes and the attached cells were used as microglia. These cells were
seeded onto new plates for further studies. Ninety to ninety-five percent of this preparation was
positive for nonspecific esterase, a marker for macrophages and microglia.

After 4 h shaking, the flasks were washed three times to remove the floating cells.
Medium with 10% FBS was added and flasks were subjected to another cycle of shaking for 24
h at 250 rpm. The suspended cells were spun at 200 g and incubated for 30 min in tissue
culture dish. The non-attached or weakly attached cells (mostly oligodendrocytes) were
removed and seeded onto polylysine coated dishes and cultured in medium containing 1% FBS.
Ninety-five to ninety-seven percent of these cells were positive for galactocerebroside
immunostaining.

Astrocytes were prepared from rat cerebral tissue as described by McCarthy and
DeVellis (1980). After 10 days of culture astrocytes were separated from microglia and
oligodendrocytes by shaking for 24 h in an orbital shaker at 240 rpm. To ensure the complete
removal of all oligodendrocytes and microglia, the shaking was repeated twice after a gap of
one or two days. Attached cells were trypsinized (1 mM EDTA and 0.05% trypsin in 10 mM
tris-buffer saline, pH 7.4) and distributed into culture dishes. These cells when checked for the
astrocyte marker glial fibrillar acidic protein (GFAP), were found to be 95 to 100% positive.
C6 glial cells obtained from ATCC were also maintained in DMEM/F- 12 containing 10% FBS
as indicated above.

Brain tissue Frozen and fixed X-adrenoleukodystrophy and multiple sclerosis brain
tissues were obtained from Brain and Tissue Banks for Developmental Disorders, University of
Maryland, Baltimore, MD 21201.

Lipid extraction Approximately 1.0 x 10° cells were exposed to different cytokines in
the presence or absence of antioxidants for different periods and lipids were extracted according

to the methods described by Welsh (1996).
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Quantification of sphingomyelin by HPTLC and densitometry Sphingomyelin was
separated from total lipid extracts by HPTLC (LPK-plates from Whatman Labsales, USA) as
described (Ganser et al, 1988) for phospholipids with the modification, that the plate was
overrun for 30 min during its development and was dried overnight in vacuum desicator.
Sphingomyelin was quantitated by densitometric scanning using Imaging Densitometer (Model
GS5-670; Bio-Rad, USA) and software provided with the instrument by the manufacturer.

Quantification of ceramide levels by diacylglycerol kinase assay Ceramide content was
quantified essentially according to Priess efal using diacylglycerol (DAG) kinase and
[y-32P]ATP (Priess ef al., 1986). Briefly, dried lipids were solubilized in 20 pl of an octyl
B-D-glucoside/cardiolipin solution (7.5% octyl B-D-glucoside, 5 mM cardiolipin in 1 mM
DTPA) by sonication in a sonicator bath. The reaction was then carried out in a final volume of
100 pl containing the 20 pul sample solution, 50 mM imidazole HCI, pH 6.6, 50 mM NaCl, 12.5
mM MgCl,, 1 mM EGTA, 2 mM dithiothreitol, 6.6 ung of DAG kinase, and 1 mM [y—32P]ATP
(specific activity of 1-5 x 10° cpm/nmol) for 30 min at room temperature. The labeled
ceramide 1-phosphate was resolved with a solvent system consisting of methyl acetate:
n-propanol: chloroform: methanol: 0.25% KCIl in water: acetic acid (100:100:100:40:36:2).
A standard sample of ceramide was phosphorylated under identical conditions and developed in
parallel. Both standard and samples had identical Ry value (0.46). Quantification of ceramide
1-phosphate was carried out by autoradiography and densitometric scanning ﬁsing Imaging
Densitometer (Model GS-670; Bio-Rad, USA). Values are expressed either as arbitrary units
(absorbance) or as percent change.

Measurement of reduced glutathione (GSH) concentration in rat primary astrocytes
Concentration of intracellular GSH was measured using a colorimetric assay kit for GSH from
RandD, USA. Briefly, 2x 10° cells were homogenized in 500 pl of ice-cold 5%
metaphosphoric acid and centrifuged at 3000 g for 10 min. Supernatants were used to assay
GSH using 4-chloro-I-methyl-7-trifluromethyl-quinolinium methylsulfate and 30% NaOH at
400 nm.

Detection of DNA fragmentation Cells (1 x 106) were pelleted in an eppendorf tube by
centrifugation at 1,000 rpm for 5 min, washed with PBS (pH 7.4), resuspended gently in 50 ul
of a lysis buffer [200 mM NaCl, 10 mM Tris-HCI (pH 8.0), 40 mM EDTA (pH 8.0), 0.5%
SDS, 400 ng RNase A/pl} and incubated at 37°C for 1 h. The lysate received 200 pl of the
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digestion buffer [200 mM NaCl, 10 mM Tris-HCl (pH 8.0), 0.5% SDS, 125 ng proteinase
K/ul]. The contents were mixed by inversion several times and then incubated at 50°C for 2 h.
An equal volume of a mixture phenol (pH 8.0), chloroform and isoamyl alcohol (25:24:1, v/v)
was added, gently mixed for 10 min, and stored at room temperature for 2 min. The two phases
were separated by centrifugation at 3,000 rpm for 10 min. The viscous aqueous phase was
transferred to a fresh tube and the phenol/chloroform extraction was repeated. The aqueous
phase was extracted with an equal volume of chloroform and 1.0 M MgCl, was added to the
aqueous phase to a final concentration of 10 mM. The total DNA was precipitated by the
addition of 2 vols. of absolute ethanol with several inversions. DNA was pelleted by
centrifugation at 3,000 rpm for 15 min, washed with 70% ethanol and air-dried. The pellet was
dissolved in 25 pl of 10 mM Tris-HCl containing 1.0 mM EDTA (pH 8.0) and electrophoresed
in 1.8% agarose gel at 4°C. The gel was stained with ethidium bromide and DNA-intercalated
ethidium fluorescence was photographed on Polaroid film 665 (P/N) using an orange filter. To
study DNA fragmentation in banked human brain tissues, brain tissues were gently
homogenized in 0.85 M sucrose buffer and nuclei were purified according to the procedure
described previously (Lazo er al., 1991). Total genomic DNA was isolated from the nuclei and
electrophoresed as described.

Fragment end labeling of DNA on paraffin-embedded tissue sections of MS and X-AID
brains Fragmented DNA was detected in situ by the terminal deoxynucleotidyl transferase
(TDT)-mediated binding of 3'-OH ends of DNA fragments generated in response to apoptotic
signa's, using a commercially available kit (TdT FragEL™) from Calbiochem, USA. Briefly,
paraffin-embedded tissue slides were deparaffinized, rehydrated in graded ethanol, treated with
20 pg/ml proteinase K for 15 min at room temperature, and washed prior to TdT staining.

After TdT staining, sections were lightly counterstained with methyl green.

Results

N-Acetyl-L-cysteine (NAC) and pyrrolidine dititiocarbamate (PDTC) block TNF-a- and
IL-1B-induced degradation of sphingomyelin to ceramide in primary rat astrocytes Rat
primary astrocytes were cultured in serum-free media with TNF-o or IL-1PB for different times
to quantify the production of ceramide using diacylglycerol (DAG) kinase. Since DAG kinase
phosphorylates both DAG and ceramide using [y-32P]ATP as substrate, both lipids can be

quantified in the same assay. Cells were exposed to TNF-o, (50 ng/ml) for different time
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intervals (0, 5, 15, 30, 45, and 60 minutes). Lipids were extracted, and DAG and ceramide
contents were determined as described (i.e. optical density) in Example 7. Results were
measured as the mean + S.D. of three different studies. It was found that in astrocytes, the
DAG content was much higher than the ceramide content.

Stimulation of cells with TNF-a resulted in a time-dependent increase in the production
of ceramide (about 3 fold after 45 min). In contrast to induction of ceramide production, the
level of DAG, an activator of protein kinase C and acidic sphingomyelinase, was unchanged at
different time points of stimulation. Similar to TNF-o. (FIG. 6), stimulation of astrocytes with
IL-1p for different times also induced a significant increase in the ceramide content (FI1G. 7).
Almost three to four fold increase in ceramide production was found in astrocytes after 30 or 45
min of exposure with TNF-o or IL-1B. This increase in ceramide was paralleled by TNF-a-
and IL-1B-induced decrease in sphingomyelin (FIG. 6 and FIG. 7).  Sphingomyelin
concentration decreases of approximately 18 to 25% could be observed as early as 15 min
following treatment of astrocytes (FIG. 6 and FIG. 7) and maximal effects of up to 45 to 50%
SM hydrolysis were observed after 30 to 45 min of treatment with TNF-c or IL-1B. These
results indicate that both TNF-oo and IL-18 modulate the degradation of sphingomyelin to
produce ceramide, the putative second messenger of the sphingomyelin signal transduction
pathway, in rat primary astrocytes within a short time. Interestingly, it was found that treatment
of astrocytes with antioxidants like NAC or PDTC 1 h before the addition of TNF-ct or IL-1pB
potentially blocked the decrease in sphingomyelin as well as the increase in ceramide (FIG. 6

and FIG. 7) indicating that reactive oxygen species (ROS) are possibly involved in

| cytokine-induced degradation of SM to ceramide.

TNF-a and IL-1 ~ decrease intracellular level of reduced glutathione (GSH) in rat
primary astrocytes and NAC blocks this decrease Since intracellular level of GSH is an
important regulator of the redox state of a cell, to understand the relationship between induction
of ceramide production and intracellular level of GSH in cytokine-stimulated astrocytes, rat
primary astrocytes were stimulated with TNF-o or IL-1B and the level of GSH was measured at
different times. Cells preincubated with 10 mM NAC for 1 h received either TNF-o (50 ng/ml)
or IL-1B (50 ng/ml). At different time intervals (0, 15, 30, 45, 60, 75, and 90 minutes), cells
were scrapped off and GSH concentrations (100% value is 210 + 18.5 nmol/mg protein) were

measured as described Example 7. Measurements were done in duplicate. The stimulation of
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cells with TNF-o or IL-1p resulted in an immediate decrease in intracellular level of GSH with
the maximal decrease (66 to 70% of control) found within 15 to 30 min of initiation of
stimulation and with a further increase in time of incubation, the level of GSH was found to be
almost normalized (88 to 95% of control at 90 min). These results show that cytokine
stimulation induces rapid, short-term production of oxidants which transiently deplete GSH.
However, intracellular level of GSH did not decrease when cells were stimulated with cytokines
in presence of NAC indicating that NAC inhibited the cytokine-induced degradation of SM to
ceramide by maintaining the normal levels of GSH.

Thiol-depleting agents induce the production of ceramide in rat primary astrocytes
Since NAC, a thiol antioxidant, blocked cytokine-mediated depletion of intracellular level of
GSH and breakdown of SM to ceramide, the effect of a thiol-depleting agents [diamide and
buthione (S,R)-sulfoximine] on ceramide production was examined. Diamide reduces the
intracellular level of GSH by its oxidation to GSSG whereas buthione (S,R)-sulfoximine does
so by blocking the synthesis of GSH (Shertzer er al., 1995; Akamatsu ef al.,, 1997). Rat
primary astrocytes were preincubated with 10 mM NAC for 1 h received diamide (0.5 mM). At
different time intervals (0, 15, 30, 45, and 60) cells were washed with HBSS and scrapped off.
Lipids were extracted, and level of ceramide was measured as described in the methods section.
Ceramide levels were expressed as -fold change over the level at O minutes in this study.
Results were measured as the mean = S.D. of three different studies. At different time
intervals, intracellular level of GSH (100% value was 210 + 18.5 nmol/mg protein) was
measured as described in Example 7. Measurements were done in duplicate. Stimulating rat
primary astrocytes with diamide resulted in an immediate decrease in intracellular level of GSH
due to rapid consumption of intracellular GSH through its nonenzymatic conversion to the
oxidized dimer, GSSG (Shertzer et al., 1995) and marked induction of ceramide production
(about 7 fold after 30 min of stimulation) indicating that intracellular level of GSH is the
important regulator of degradation of SM to ceramide. Consistent with this conclusion,
treatment of cells with NAC blocked diamide-mediated decrease in GSH level and induction of
ceramide production. Similar to diamide, buthione (S,R)-sulfoximine also decreased the level
of GSH and induced the production of ceramide. Thus the low GSH and/or high intracellular
oxidant (ROS) levels induced by cytokines and thiol-depleting agents facilitated the induction

of ceramide production, while the normal levels of GSH and/or low ROS induced or maintained
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by the addition of NAC blocked the hydrolysis of sphingomyelin to ceramide. Taken together,
these results demonstrate that the intracellular levels of GSH and/or ROS regulate the extent to
which sphingomyelin is degraded to ceramide and ceramide-mediated signaling cascades are
transduced.

Aminotriazole and hydrogen peroxide induce the production of ceramide in rat primary
astrocytes Inhibition of cytokine-mediated induction of ceramide production by antioxidants
and induction of ceramide production by thiol-depleting agents alone indicate the involvement
of ROS in the induction of ceramide production. Therefore, the effect of exogenous addition of
an oxidant, like H,O, or endogenously produced H,O, on inhibition of catalase with
aminotriazole (ATZ), which inhibits endogenous catalase to increase the level of H,0,, on the
induction of ceramide production. Rat primary astrocytes were incubated with 5 mM
aminotriazole or 0.5 mM H,0, in presence or absence of 10 mM NAC. At different time
intervals (0, 15, 30, 45, and 60 minutes), cells were washed with HBSS and scrapped off,
Lipids were extracted, and level of ceramide was measured as described in Example 7.
Ceramide levels were expressed as -fold change over the level at 0 minutes in these studies.
Results are measured as the mean * S.D. of three different studies. The time course of
ceramide production in rat primary astrocytes following the addition of ATZ. Approximately
45 min following the addition of ATZ, ceramide generation increased more than 5-fold over
baseline. However, pretreatment of cells with NAC blocked the ATZ-mediated increase in
ceramide production. Consistent with the increase in ceramide production by ATZ, addition of
exogenous H,0, to astrocytes also induced the production of ceramide with the maximum
increase of about 7-fold after 15 min. These results clearly indicate that intracellular levels of
ROS regulate the production of ceramide.

Inhibition of cytokine-mediated production of ceramide in rat primary microglia,
oligodendrocytes and C6 glial cells by NAC Since NAC inhibited the cytokine-mediated
production of ceramide in rat primary astrocytes, the inventor examined the effect of NAC on
cytokine-mediated induction of ceramide production in rat primary oligodendrocytes, microglia
and C¢ glial cells was examined. Rat primary microglia, oligodendrocytes and C, glial cells
were preincubated with 10 mM NAC for 1 h in serum-free DMEM/F-12 received TNF-a (50
ng/ml). Cells were washed with HBSS and scrapped off at different intervals (0, 15, 30, 45,

and 60 minutes). Lipids were extracted, and ceramide content was measured as described in
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Example 7. Ceramide levels were expressed as -fold change over the level at 0 minutes in these
studies. Results are mean + S.D. of three different studies. The addition of TNF-o to
oligodendrocytes, microglia or Cg glial cells induced the production of ceramide. The increase
in ceramide in these cells ranges from 2.5 to 4-fold with highest increase in glial cells and
lowest in oligodendrocytes. The ceramide levels peaked in glial cells at 30 min following
stimulation and 45 min of stimulation in oligodendrocytes and Cs glial cells. These results
show that similar to astrocytes, the SM cycle is also present in microglia, oligodendrocytes and
Ce glial cells. Consistent with the effect of NAC on the production of ceramides in astrocytes,
this antioxidant also potently blocked the TNF-a-induced production of ceramide in microglia,
oligodendrocytes and Cq glial cells indicating that ROS are also involved in cytokine-mediated
ceramide production in these cells was examined.

NAC inhibits TNF-o- and diamide-mediated apoptosis in rat primary oligodendrocytes
by increasing the intracellular level of GSH and decreasing the production of ceramide: Since
cytokine-mediated ceramide production is implicated in apoptosis of different cells including
brain cells (Brugg et al., 1996; Wiesner and Dawson, 1996), the effect of NAC on TNF-o- as
well as diamide-mediated apoptosis in rat primary oligodendrocytes, as evidenced by
electrophoretical detection of hydrolyzed DNA fragments ("laddering") was investigated. To
understand the role of intracellular level of GSH in inducing apoptosis, rat primary
oligodendrocytes were treated with TNF-o. or with diamide, a thiol-depleting agent. Cells
preincubated with 10 mM NAC for 1 h received either diamide (0.5 mM) or TNF-a (50 ng/ml).
Samples were prepared for control cells, diamide, diamide + NAC, TNF -o, and TNF-a + NAC.
After 12 h of incubation, cells were harvested and washed with PBS, and genomic DNA was
extracted and run on agarose gels as described in the methods section. Ten micrograms of
DNA was loaded in each lane. Levels of ceramide and GSH were measured in homogenates as
described in Example 7. Results were determined as the mean + S.D. of three different studies.
Both TNF-a and diamide decreased the intracellular level of GSH, increased the level of
ceramide and induced internucleosomal DNA fragmentation as evident from the typical ladder
pattern that was generated. Interestingly, blocking of diamide- as well as TNF-o-mediated
decrease in intracellular level of GSH by pre-treatment with NAC inhibited the induction of
ceramide formation and DNA fragmentation indicating that intracellular level of GSH regulate

apoptosis in oligodendrocytes through ceramide formation.
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DNA fragmentation in banked human brains with X-adrenoleukodystrophy (X-ALD)
and multiple sclerosis (MS) In the CNS, apoptosis may play an important pathogenetic role in
neurodegenerative diseases such as ischemic injury, and white matter diseases (Thompson,
1995; Bredesen, 1995). Both X-adrenoleukodystrophy (X-ALD) and MS are demyelinating
diseases with the involvement of proinflammatory cytokines in the manifestation of white
matter inflammation.  Several studies demonstrating the induction of proinflammatory
cytokines at the protein or mRNA level in MS patients' cerebrospinal fluid and brain tissue
have established an association of proinflammatory cytokines (TNF-a, IL-18, IL-2, IL-6 and
IFN-y) with the inflammatory loci in MS (Maimone et al., 1991; Tepper et al., 1995; Rudick
and Ransohoff, 1992). Recent documentation of the presence of TNF -a, IL-1B and IFN-y in
X-ALD brain have revealed the neuroinflammatory character of this disease (Powers et al.,
1992; McGuiness et al., 1997).

Therefore, to understand the underlying relationship among intracellular level GSH,
level of ceramide and DNA fragmentation in cytokine-inflamed CNS of X-ALD and MS, the
inventor measured the levels of GSH and ceramide in homogenates was measured and the DNA
fragmentation in nuclei from brains of patients with X-ALD and MS was also studied.
Genomic DNA isolated from nuclei of banked human brains was run on agarose gel and
photographed as described Example 7. Ten micrograms of DNA was loaded in each lane.
Levels of ceramide (optical density) and GSH (nmol/mg protein) were measured in
homogenates as described. Results were determined as the mean + S.D. of three different

studies. In both X-ALD and MS brain homogenates, the level of GSH was lower (55 to 70% of

V control) and the level of ceramide was higher (2 to 3 fold) compared to those found in control

brains. Consistent with a lower level of GSH and a higher level of ceramide, genomic DNA
isolated from nuclei of X-ALD and MS brains when run on agarose gels formed the typical
ladder pattern which was absent in both of the normal brains. To confirm apoptosis in brain
tissues of X-ALD and MS, paraffin-embedded tissue sections of X-ALD and MS were stained
with TdT-mediated fragment end labeling. Terminal deoxynucleotidyl transferase
(TdT)-mediated end labeling of 3’-OH ends of DNA fragments on paraffin-embedded tissue
sections for control, X-ALD and MS samples was carried out using a commercially available
kit from Calbiochem, USA. Consistent with increased DNA fragmentation in isolated nuclei of

X-ALD and MS, increased TdT staining on brain sections of X-ALD and MS was observed as
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compared to those of controls. These observations indicate that intracellular level of GSH are
an important factor in cytokine-mediated degradation of SM to ceramide and apoptosis in

inflammatory demyelinating diseases like X-ALD and MS.

EXAMPLE 8
Lovastatin and Phenylacetate Inhibit the Induction of Nitric Oxide Synthase and
Cytokines in Rat Primary Astrocytes, Microglia, and Macrophages

This study explores the role of mevalonate inhibitors in the activation of NF -kpB and the
induction of inducible nitric oxide synthase (iNOS) and cytokines (TNF-a, IL-1B, and IL-6) in

rat primary astrocytes, microglia, and macrophages.

Materials and Methods

Reagents Recombinant rat IFN-y, DMEM/F-12 medium, FBS, and HBSS were from
GIBCO-BRL (Gaithersburg, MD). Human IL-1B was from Genzyme Corp. (Boston, MA).
Mouse recombinant TNF-o was obtained from Boehringer Mannheim (Mannheim, Germany).
Lovastatin, mevastatin, and farnesyl pyrophosphate were from BIO-MOL Res. Labs Inc.
(Plymouth Meeting, PA). Mevalonate, cholesterol, ubiquinone, arginase and LPS (Escherichia
coli, serotype 0111:B4) were from Sigma Chemical Co. (St. Louis, MO).
NG-methyl-L—arginine (L-NMA), FPT inhibitor II, and antibodies against mouse macrophage
iNOS were obtained from Calbiochem Corp. (La Jolla, CA). Immunoassay kits for TNF-a.,
IL-1B, and IL-6 were obtained from R&D Systems, Inc. (Minneapolis, MN). NF-kp DNA
binding protein detection kit was from GIBCO-BRL. [y-*’P]ATP (3,000 Ci/mmol) was from
Amersham Corp. (Arlington Heights, IL). [2—14C]acetate was purchased from ICN Biomedicals
Inc. (Irvine, CA). NaPA was prepared from phenylacetic acid (Sigma Chemical Corp.) and
NaOH as described (Samid et al., 1992).

Induction of NO production in rat astrocytes, microglia, and Cg glial cells Astrocytes
were prepared from rat cerebral tissue as described by McCarthy and DeVellis (McCarthy and
DeVellis, 1980). Cells were maintained in DMEM/F-12 medium containing 10% FBS. After
10 d of culture, astrocytes were separated from microglia and oligodendrocytes by shaking for
24 h in an orbital shaker at 240 rpm. To ensure complete removal of the oligodendrocytes and

microglia, the shaking was repeated twice after a gap of 1 or 2d. Cells were trypsinized,
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subcultured, and stimulated with LPS or different cytokines in serum-free DMEM/F-12
medium. Microglial cells were isolated from mixed glial cultures according to the procedure of
Guilian and Baker (Giulian and Baker, 1986). In brief, on days 7-9 the mixed glial cultures
were washed three times with DMEM/F-12 and subjected to a shake at 240 rpm for 2 h at 37°C
on a rotary shaker. The floating cells were washed, seeded onto plastic tissue culture flasks,
and incubated at 37°C for 2 h. The attached cells were removed by trypsinization and seeded
onto new plates for further studies. 90-95% of this preparation was found to be posttive for
nonspecific esterase, a marker for macrophages and microglia. For induction of NO
production, cells were stimulated with LPS or cytokines in serum-free condition. Cg glial cells
obtained from American Type Culture Collection (Rockville, MD) were also maintained and
induced with different stimuli as indicated above.

Isolation of rat macrophages and induction of NO production Resident macrophages
were obtained from rat by peritoneal lavage with sterile RPMI 1640 medium containing 1%
FBS and 100 pg/ml gentamicin. Cells were washed three times with RPMI 1640 at 4°C, and
were maintained at 37°C in a humified incubator containing 5% CO, in air. Macrophages at a
concentration of 2 x 10%ml in RPMI 1640 medium containing L-glutamine and gentamicin
were added in volumes of 800 pl to a 35-mm plate. After 1 h, nonadherent cells were removed
by washing, and 800 pl of serum-free RPMI 1640 medium with various stimuli was added to
the adherent cells. After 24 h the culture supernatants were transferred to measure NO
production.

Cell viability Cytotoxic effects of the inhibitors were determined by measuring the cell
viability by Trypan blue exclusion.

Assay for NO synthesis Synthesis of NO was determined by assay of culture
supernatants for nitrite, a stable reaction product of NO with molecular oxygen. In brief, 400 pl
of culture supernatant was allowed to react with 200 ul of Griess reagent (Feinstein et al.,
1994), and was incubated at room temperature for 15 min. The optical density of the assay
samples was measured spectrophotometrically at 570 nm. Fresh culture media served as the
blank in all experiments. Nitrite concentrations were calculated from a standard curve derived
from the reaction of NaNO, in the assay. Protein was measured (Bradford, 1976).

Incorporation of [ Hc Jacetate into cholesterol Astrocytes grown in 100-mm plates (~

80% confluency) and preincubated in serum-free media with lovastatin or NaPA for 8 h
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received [2-"“Clacetate (10 uCi/plate). After 3 h, the cells were washed twice with PBS and
scraped off. The lipids were extracted with 1 ml 75% ethanol, and the ethanol extract was
saponified with 1 ml of 20% ethanolic KOH at room temperature. To this, 2 ml of water was
added, mixed, and extracted twice with 2 ml of hexanc. The hexane extracts were dried under
nitrogen, dissolved in 50 ul of CHCl;/MeOH (1:1), spotted on a TLC plate along with standard
[*H]cholesterol, and run with hexane/ ether/acetic acid (70:30:1). The plate was then exposed
to a photographic film that was stored at -20°C and developed after 2d. The lanes
corresponding to standard cholesterol were scraped and counted in 5 ml of scintillation fluid.

Immunoblot analysis for iNOS After a 24 h incubation in the presence or absence of
different stimuli, cells were scraped off, washed with Hank's buffer, and homogenized in 50
mM Tris-HCI (pH 7.4) containing protease inhibitors (1 mM PMSF, 5 pg/ml aprotinin, 5 pg/ml
pepstatin A, and 5 pg/ml leupeptin). After electrophoresis the proteins were transferred onto a
nitrocellulose membrane, and the iNOS band was visualized by immunoblotting with
antibodies against mouse macrophage iNOS and [12 5I]-labeled protein A.

RNA isolation and Northern blot analysis Cells were taken out from culture dishes
directly by adding Ultraspec-I1 RNA reagent (Biotecx Laboratories Inc., Houston, TX), and
total RNA was isolated according to the manufacturer's protocol. For Northern blot analyses,
20 pg of total RNA was electrophoresed on 1.2% denaturing formal-dehyde-agarose gels,
electrotransferred to Hybond-Nylon Membrane (Amersham Corp.), and hybridized at 68°C
with *?P-labeled cDNA probe using Express Hyb hybridization solution (Clontech, Palo Alto,
CA) as described by the manufacturer. The cDNA fragment for iNOS was amplified by PCR™
using two primers (forward primer: 5'-CTCCTTCAAAGAGGCAAAAATA-3' (SEQ ID
NO:1); reverse primer: 5'-CACTTCCTCCAGGATGTTGT-3' (SEQ ID NO:2)), and was
cloned in pGEM-T vector (Geller et al., 1993). The clone was confirmed by DNA sequencing,
and the insert was used as probe. After hybridization, filters were washed two to three times in
solution I (2 x SSC, 0.05% SDS) for 1 h at room temperature, followed by solution II (0.1 x
SSC, 0.1% SDS) at 50°C for another hour. The membranes were then dried and exposed with
x-ray films (Eastman Kodak Co., Rochester, NY). Same filters were stripped and rehybridized
with probes for GAPDH. The relative mRNA content for iNOS was measured after scanning
the bands with a BioRad (Model GS-670; Richmond, CA) imaging densitometer.
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Nuclear run-on assay For the measurement of gene transcription, nuclei were prepared,
and in vitro transcriptional activity was measured with nuclei (25 x 106 nuclei per assay) using
30 uCi of [a-’PJ-UTP (400 Ci/mmol) as described (Caira er al., 1995). In brief, the filters
were prehybridized in 1 ml of hybridization buffer (50% formamide, 5 x SSC, 1% SDS, 15%
dextran sulfate, | x Denhardt's solution, and 50 pg/ml heparin). After 24 h of prehybridization
iﬁ the above buffer, hybridization was carried out with the labeled RNAs (13 x 10° cpm) at
42°C for 60 h to 3 pg of the immobilized plasmid pGEM-T as a control, or to plasmids
containing inserts of rat glyceraldehyde-3-phosphate dehydrogenase, rat actin, and human iNOS
cDNAs. The filters were washed twice in 2 x SSC, 0.1% SDS for 15 min at SAC, and twice in
0.5 x SSC, 0.1% SDS for 15 min. Then the filters were treated with RNase buffer (300 mM
NaCl, 10 mM TrisHCI, pH 7.4, 40 mM EDTA, 10 pg/ml RNase A, and 350 U/ml RNase T1 ) at
37°C for 30 min, in the same buffer without RNases for another 30 min, and were then
autoradiographed.

Determination of TNF-o, IL-IB, and IL-6 in culture supernatants Cells were stimulated
with LPS in serum-free media for 24 h in the presence or absence of lovastatin or NaPA, and
concentrations of TNF-a, IL-1B, and IL-6 were measured in culture supematants by using
high-sensitivity enzyme-linked immunosorbent assay (R&D Systems, Inc.) according to the
manufacturer's instructions.

Preparation of nuclear extracts and electrophoretic mobility shift assay Nuclear
extracts from stimulated or unstimulated astrocytes (I x 10’ cells) were prepared (Dignam et al.,

1983) with slight modifications. Cells were harvested, washed twice with ice-cold PBS, and

| lysed in 400 p1 of buffer A (10 mM Hepes, pH 7.9, 10 mM KCI, 2 mM MgC1,, 0.5 mM DTT,

1 mM PMSF, 5 pg/ml aprotinin, 5 pg/ml pepstatin A, and 5 pg/ml leupeptin) containing 0.1%
Nonidet P-40 for 15 min on ice, vortexed vigorously for 15 s, and centrifuged at 14,000 rpm for
30 s. The pelleted nuclei were resuspended in 40 pl of buffer B (20 mM Hepes, pH 7.9, 25%
[vol/vol] glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF,
5 pg/ml aprotinin, 5 pg/ml pepstatin A, and 5 pg/ml leupeptin). After 30 min on ice, lysates
were centrifuged at 14,000 rpm for 10 min. Supernatants containing the nuclear proteins were
diluted with 20 ul of modified buffer C (20 mM Hepes, pH 7.9, 20% [vol/vol] glycerol, 0.05 M
KCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF) and stored at -70°C until use. Nuclear
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extracts were used for the electrophoretic mobility shift assay using the NF-kp DNA binding

protein detection system kit (GIBCO/BRL) according to the manufacturer's protocol.

Results

Inhibitors of mevalonate pathway inhibit ILPS-induced expression of iNOS in primary
astrocytes Both HMG-CoA reductase and mevalonate pyrophosphate decarboxylase are the
rate-limiting enzymes of the mevalonate pathway (Goldstein and Brown, 1990; Castillo et al.,
1991). The inventor examined the effect of inhibitors of HMG-CoA reductase (lovastatin and
mevastatin) and mevalonate pyrophosphate decarboxylase (NaPA) on the induction of iNOS
and production of NO. Results in Table 15 show that bacterial LPS at a concentration of 1.0
ug/ml induced the production of NO by about eightfold. Inhibition of NO production by
arginase, an enzyme that degrades the substrate (L-arginine) of NOS and L-NMA, a
competitive inhibitor of NOS, indicates that LPS-induced NO production in astrocytes is
dependent on NOS-mediated arginine metabolism (Table 15). Lovastatin or mevastatin alone
was neither stimulatory nor inhibitory to nitrite production in control astrocytes. Both the
inhibitors, however, when added 8 h before the addition of LPS, potentially inhibited
LPS-mediated induction of nitrite production in astrocytes. Only 25% inhibition in
LPS-induced NO production was found when lovastatin was added to the cells along with LPS,
however, the degree of inhibition increased with the increase in time of preincubation, with
lovastatin reaching about 90% inhibition of NO production within 8-10 h of preincubation.

To understand the mechanism of inhibitory effect of these inhibitors on LPS-mediated
nitrite production, we examined the effect on protein and mRNA levels of iNOS. Rat primary
astrocytes were preincubated in serum-free media with different concentrations of lovastatin (5
or 10 uM) or NaPA (2 or 5 mM) or a combination of 2 pM lovastatin and 2 mM NaPA for 8 h
received 1.0 pg/ml of LPS. After 24 h, supematants were used for nitrite assay as described in
the Methods section of this example. Data was measured as the mean+SD of three different
experiments.  Cell homogenates were electrophoresed, transferred onto nitrocellulose
membranes, and immunoblotted with antibodies against mouse macrophage iNOS as described
in Methods. Samples tested included control, LPS, LPS + lovastatin (5 pM), LPS + lovastatin
(10 uM), LPS + NaPA (2 mM), LPS + NaPA (5 mM), and LPS + lovastatin (2 uM) + NaPA (2
mM). After 5 h of incubation, cells were taken out directly by adding ultraspec-II RNA reagent

(Biotecx Laboratories Inc.) to the plates for isolation of total RNA, and Northern blot analysis
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for iINOS mRNA was carried out as described in Methods. Western blot analysis with
antibodies against murine macrophage iNOS and Northern blot analysis for iNOS mRNA
analysis of LPS-stimulated astrocytes clearly showed that both lovastatin and NaPA
significantly inhibited the LPS-mediated induction of iNOS protein and mRNA. A
combination of lovastatin and NaPA at a dose lower than the one used individually almost
completely inhibited LPS-induced production of NO and expression of iNOS.

To gain further insight into the mechanism of the inhibitory effect of lovastatin and
NaPA on LPS-mediated expression of iNOS mRNA, the inventor examined the influence of
lovastatin and NaPA on the rate of iNOS gene transcription, as measured by nuclear run-on
assays. Rat primary astrocytes preincubated in serum-free media with 10 puM lovastatin or 5
mM NaPA, or a combination of 2 uM lovastatin and 2 mM NaPA for 8 h received 1.0 pg/ml of
LPS. After 4 h cells were taken out, and nuclei were collected for nuclear run-on assays.
3?p.labeled mRNA was transcribed i vitro from isolated nuclei, and 1.3 x 10° cpm of run-on
products were hybridized to each blot as described in Methods. The plasmids used were
pGEM-T without any insert (negative control) or containing iNOS, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), or actin cDNA inserts. Samples tested included control, LPS, LPS
+lovastatin (10 pM), LPS + NaPA (5 mM), and LPS + lovastatin (2 pM) + NaPA (2 mM).
LPS induced the transcription of the iNOS gene in astrocytes, and that preincubation of cells
with lovastatin or NaPA inhibited the relative rate of LPS-induced nuclear transcfiption of the
iNOS gene. Consistent with the inhibition of LPS-induced expression of mRNA, protein and
activity of iNOS by lovastatin and NaPA, the combination of lovastatin and NaPA completely
inhibited the transcription of iNOS gene. These results clearly indicate that lovastatin and
NaPA inhibit LPS-induced expression of iNOS mRNA, protein and activity by inhibiting
transcription of the iNOS gene.
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Table 15
Inhibition of LPS-induced NO Production in Rat Primary Astrocytes

by Lovastatin and Mevastatin

Stimuli Nitrite % Inhibition
nmol/mg/24 h
Control 2.91+0.5 -
LPS 25.3+3.2 --
LPS + arginase 5.9+0.8 87
LPS + L-NMA 5.5£0.7 88
Lovastatin 2.9+0.3 --
Mevastatin 2.8+0.4 --
LPS + lovastatin 5.24+0.5 90
LPS + mevastatin 5.5+0.5 88

Astrocytes were cultured for 24 h in serum-free DMEM/F-12 with the listed reagents; nitrite
concentration in the supematants was measured as described in Methods. Arginase (100 U/ml)
and L-NMA (0.1 mM) were added to the cells together with LPS (1.0 pg/ml), however, cells
preincubated with lovastatin (10 uM) or mevastatin (10 pM) for 8 h received LPS. Data are

meantSD of three dffferent experiments.

To determine if the synergistic inhibitory effect of lovastatin and NaPA on LPS-induced
iNOS expression in astrocytes could be explained solely by inhibition of the mevalonate
pathway, the inventor examined the incorporation of [2-14C]acetate into cholesterol. Cells
preincubated with lovastatin or NaPA for 8 h received [2-14C]acetate for 3 h. Lovastatin (10
nM) and NaPA (5 mM) inhibited the synthesis of cholesterol by 73%6.2 and 64+5.3%,
respectively. The combination of lovastatin (2 M) and NaPA (2 mM), however, caused
931+4.2% inhibition, indicating that lovastatin and NaPA affect cholesterol synthesis in an
additive fashion. Therefore, absence of complete inhibition of iNOS mRNA or protein by
lovastatin or NaPA could be due to the absence of complete inhibtion of the mevalonate
pathway and depletion of mevalonate metabolites.

Inhibition of LPS- and cytokine-induced production of NO by lovastatin in rat primary

astrocytes Similar to LPS, different cytokines and their several combinations are known to
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induce the expression of iNOS (Jaffrey and Synder, 1995 ; Mitrovic er al., 1994; Bo et al., 1994;
Merrill et al., 1993). To examine whether cytokine-induced NO production is also inhibited by
lovastatin, primary astrocytes were stimulated with different combinations of LPS, TNF-a,
IL-1B, and IFN-y for 24 h, and the production of NO was measured. Rat primary astrocytes
preincubated in serum-free media with 10 pM lovastatin for 8 h received different combinations
of LPS and cytokines. After 24 h of incubation, production of nitrite was measured in
supernatants as described earlier. Data was measured as the mean+SD of three different
experiments. Cell homogenates were analyzed for iNOS protein by immunoblotting technique
as described before. Concentration of different stimuli were as follows: LPS, 0.5 pg/ml;
TNF-a, 20 ng/ml; IL-1B, 50 ng/ml; IFN-y, 50 U/ml. Samples that were assayed included
control, LPS + TNF-a, LPS + IFN-y, TNF-a + IL-1B, TNF-a + IFN-y, LPS + TNF-a +
lovastatin, LPS + IFN-y + lovastatin, TNF-c, -+ IL-1B + lovastatin, and TNF-o + IFN-y +
lovastatin. All the combinations of LPS and cytokines significantly induced production of NO,
however, addition of 10 pM lovastatin to astrocytes potently inhibited NO production and
induction of iNOS protein, indicating that similar to LPS, cytokine-mediated expression of
iINOS also involves the mevalonate pathway. Under similar conditions, lovastatin was also
found to inhibit LPS-and cytokine-induced NO production in rat Cg glial cells.

Inhibition of LPS-induced activation of NF-kB and expression of iNOS by lovastatin and
NaPA, and its reversal by farnesyl pyrophosphate in rat primary astrocytes. Since activation of
NF-kB is necessary for induction of iNOS (Xie et al., 1994; Kwon et al., 1995), to understand
the basis of the inhibition of iNOS, the inventor examined the effect of these inhibitors on
LPS-induced activation of NF-kP in astrocytes by gel-shift DNA-binding assay. Rat primary
astrocytes incubated in serum-free media received 1.0 ng/ml of LPS. After 1 h of incubation,
cells were taken out to prepare nuclear extracts, and nuclear proteins were used for the
electrophoretic mobility shift assay of NF-kf as described in Methods. Samples tested included
control, LPS, LPS-treated nuclear extract with 25-fold excess of unlabeled probe, and
LPS-treated nuclear extract with a 50-fold excess of unlabeled probe, respectively. Treatment
of astrocytes with 1.0 pg/ml of LPS resulted in activation of NF-kB. This gel-shift assay
detected a specific band in response to LPS that was competed off by an unlabelled probe.

Lovastatin or NaPA alone at different concentrations failed to induce NF-kB.
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In an additional experiment, cells preincubated in serum-free media with 10 uM of
lovastatin or 5 mM of NaPA for 8 h received 1.0 pg/ml of LPS. Samples tested included
control, LPS, LPS + lovastatin (5 pM), LPS + lovastatin (10 uM), LPS + NaPA (2 mM), LPS +
NaPA (5 mM). Both lovastatin and NaPA, however, markedly inhibited LPS-induced
activation of NF-kf, indicating that inhibition of iNOS expression by lovastatin and NaPA is
possibly due to inhibition of NF-kp.

The inventor has demonstrated earlier that activation of NF-kB is necessary for iNOS
expression in rat primary astrocytes, and that cAMP derivatives inhibit the expression of iNOS
by inhibiting the activation of NF-kB. To evaluate the possible mechanism of the effect of
lovastatin and NaPA, or to determine whether reduced concentrations of end products as
opposed to intermediate products of the mevalonate pathway were responsible for the effects of
lovastatin and NaPA, the inventor performed rescue experiments with cholesterol, ubiquinone,
mevalonate, and FPP. Cells preincubated in serum-free media with 10 pM of lovastatin or 5
mM of NaPA for 8 h received 1.0 ng/ml of LPS along with 100 pM mevalonate or 200 uM
farnesyl pyrophosphate. After 24 h, supernatants were used for nitrite assay as described in
Methods. Data was measured as the mean+SD of three different experiments. Samples tested
included control, LPS, LPS + lovastatin, LPS + lovastatin + mevalonate, LPS + lovastatin +
FPP, LPS + NaPA, LPS + NaPA + mevalonate, LPS + NaPA +FPP. After 5 h of incubation,
cells were analyzed for iNOS mRNA by Northern blotting technique as described earlier. After
1 h of incubation, cells were taken out to prepare nuclear extracts, and nuclear proteins were
used for the electrophoretic mobility shift assay of NF-kP as described in Methods. The
addition of 10 pm ubiquinone or cholesterol to astrocytes did not prevent the inhibitory effect
of lovastatin and NaPA. NF-kB and iNOS were induced in the LPS, LPS + lovastatin +
mevalonate, LPS + lovastatin + FPP, and LPS + NaPA + FPP treated cells. These observations
support the possibility that depletion of intermediary products rather than end products of
mevalonate pathway is responsible for the observed inhibitory effect of lovastatin or NaPA on
LPS-induced iNOS expression. On the other hand, mevalonate or FPP substantially reversed
the inhibitory effect of lovastatin on iNOS expression and NF -kP activation. FPP, however, but
not mevalonate, reversed the inhibitory effect of NaPA, indicating that the use of mevalonate

rather than its synthesis is the prime target of the NaPA.
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An inhibitor of Ras farnesyl protein transferase (FPT inhibitor 1) inhibits LPS-induced
expression of INOS and activation of NF-kP in rat primary astrocytes. FPT inhibitor II
selectively inhibits ras farnesyl protein transferase with the ICs, of 75 nM. In whole cells,
however, 25-250 uM of FPT inhibitor II inhibits farnesylation of p21™ by ~ 90% (Manne ef al.,
1995). Inhibition of LPS-induced expression of iNOS and activation of NF-kB by NaPA and its
reversal by FPP, but not by mevalonate, indicates a possible involvement of the farnesylation
reaction in activation of NF-kB and induction of iNOS. Since farnesylation is a necessary step
for activation of p21™, the central molecule upstream of the Raf/MAP kinase cascade, the
inventor examined the effect of FPT inhibitor II, an inhibitor of Ras farnesyl protein
transferase, on LPS-mediated expression of iNOS and activation of NF-kB in rat primary
astrocytes. Rat primary astrocytes preincubated in serum-free media with 100 uM or 200 uM
FPT inhibitor II for 1 h received 1.0 ug/ml of LPS. After 24 h of incubation, supernatants were
used for nitrite assay as described in Methods. Data were determned as the mean+SD of three
different experiments. After 5 h of incubation, cells were analyzed for iNOS mRNA by
Northern blotting technique as described earlier. After 1 h of incubation, cells were taken out to
prepare nuclear extracts, and nuclear proteins were used for the electrophoretic mobility shift
assay of NF-kP as described in Methods. Samples tested included control, LPS, LPS + FPT
inhibitor IT (100 pM), and LPS + FPT inhibitor II (100 uM). Preincubation of cells for 1 h with
100 or 200 uM FPT inhibitor II potentially inhibited LPS-induced activatioh of NF-kp,
expression of iNOS, and production of NO, demonstrating the importance of p21™
farnesylation in LPS-mediated activation of NF-kp and induction of iNOS in astrocytes.

Lovastatin and NaPA inhibit the LPS-induced expression of TNF-o., IL-B, and IL-6 in
rat primary astrocyles. Activated astrocytes, the major glial cell population of brain, are
reported to secrete TNF-a, IL-1B, and IL-6 (Sharif ez al., 1993). Since lovastatin and NaPA
inhibited LPS-induced expression of iNOS in astrocytes, the inventor examined the effect of
these two inhibitors on LPS-induced expression of TNFa, IL-1B, and IL-6. Rat primary
astrocytes preincubated in serum-free media with different concentrations of lovastatin (50r10
uM) or NaPA (2 or 5 mM}, or a combination of 2 pM of lovastatin and 2 mM of NaPA for 8 h,
received 1.0 pg/ml of LPS. Samples tested included control, LPS, LPS + lovastatin 5 M),
LPS + lovastatin (10 uM), NaPA (2 mM), LPS + NaPA (5 mM), and LPS + lovastatin (2 uM) +
NaPA (2mM). After 5 h of incubation, cells were analyzed for TNF-a, IL-1B, and IL-6
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mRNAs by Nbrthern blotting technique as described earlier. Astrocytes preincubated with
lovastatin or NaPA were stimulated with LPS. Concentrations of TNFc, IL-1B, and IL-6 were
measured in the supernatants after 24 h of incubation (Table 16), and the mRNA expression of
these-cytokines was examined in the cells after 5 h of LPS stimulation. Bacterial LPS
markedly induced the mRNA expression and production of respective cytokines in astrocytes.
Although lovastatin or NaPA alone had no effect on the production of cytokines, however,
these two compounds strongly inhibited LPS-induced production of TNF-a, IL-18, and IL-6 in
the supernatants (Table 16). The decrease in cytokine production was also accompanied by an
inhibition of their mRNA expression, demonstrating that lovastatin and NaPA downregulate

expression of all the inflamatory mediators (iNOS, TNF-a. , IL-1p, and IL-6) in astrocytes.

Table 16
Inhibition of LPS-induced Production of NO, TNF-a, IL-1 B, and IL-6 in
Rate Primary Astrocytes, Microglia, and Macrophages by Lovastatin and NaPA

Treatments
Cells Production of LPS only LPS + LPS + NaPA
NO or lovastatin

cytokines

Astrocytes NO 25.3%3.2 5.2+0.4 5.410.6
TNF-a 5.3120.8 0.3+£0.05 0.4+0.06
IL-1B 10.4%1.5 0.8%0.1 1.1+£0.2
IL-6 136.5+16.8 6.91+0.9 7.610.8

Microglia NO 81.2+6.9 5.9+0.4 6.91+0.9
TNF-a 14.5%2.1 0.910.1 1.3+£0.2
IL-1B 282434 2.1+0.3 2.410.2
IL-6 295.6+33.5 7.8%1.1 9.3+1.2

Macrophages NO 118.5£12.5 7.2+0.9 9.5+0.7

TNF-a 18.612.3 1.2+0.1 1.720.2
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Table 16 - Continued

Treatments
Cells Production of LPS only LPS + LPS + NaPA
NO or lovastatin
cytokines
IL-1B 34.6%4.5 2.340.3 3.1£4
IL-6 350.0£27.6 8.3+0.6 10.2+1.4

Cells preincubated with 10 pM lovastatin or 5 mM NaPA for 8 h in serum-free condition was
stimulated with 1.0 pg/ml of LPS. After 24 h of incubation, concentrations of NO, TNF-«,
IL-1B, and IL-6 were measured in supernatants as described in Methods. NO is expressed as
nmol/24 h/mg protein whereas TNF-a, IL-1PB, and IL-6 are expressed as ng/24 h/mg protein.

Data are expressed as the mean+SD of three different experiments.

Inhibition of LPS-induced production of NO, TNF-a, IL-1 B, and IL-6 in rat primary
microglia and macrophages by lovastatin. Both macrophages and microglia, important sources
of NO and cytokines, actively participate in the pathophysiologies of different inflamatory
disorders. Since lovastatin and NaPA inhibited the LPS-induced production of NO, TNF-q,
IL-1B, and IL-6 in astrocytes, the inventor also examined the effect of these two compounds on
LPS-stimulated production of NO, TNF-a, IL-1B, and IL-6 in rat primary microglia and
macrophages (Table 16). The rate of production of NO and cytokines after LPS stimulation
was much higher in both macrophages and microglia than in astrocytes. Similar to astrocytes,
lovastatin or NaPA alone had no effect on the production of NO and cytokines in macrophages
and microglia. Both of these compounds, however, strongly inhibited the LPS-induced
production of NO, TNF-«, IL-1f, and IL-6 in macrophages and microglia (Table 16). These
studies demonstrate the importance of the mevalonate pathway in the LPS induced production
of NO, TNF-«, IL-1p, and IL-6 in astrocytes as well as in microglia and macrophages (Table
16). The inhibitors (lovastatin, mevastatin, or NaPA), cytokines (TNF-a, IL-1B, and IFN-y), or
LPS used under these experimental conditions had no effect on the viability of astrocytes,
microglia, or macrophages, measured by Trypan blue exclusion. Therefore, the conclusion

drawn in this study is not due to any change in viability of the cells.
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Discussion

Several lines of evidence presented herein clearly support the conclusion that inhibitors
of HMG-CoA reductase (lovastatin or mevastatin) and NaPA reduce the induction of
inflammatory mediators (iNOS, TNF-a, IL-1B, and IL-6) in rat astrocytes, microglia, and
macrophages, demonstrating the involvement of mevalonate metabolite(s) and farmesyl
pyrophosphate in the induction of inflammatory mediators. This conclusion was based on the
following observations: first, LPS-induced expression of iNOS, TNF-a, IL-1B, and IL-6, and
activation of NF-kB, was inhibited by lovastatin and NaPA; second, inhibitory effects of
lovastatin and NaPA on LPS-mediated induction of iNOS and cytokines was not reversed by
cholesterol and ubiquinone, end products of mevalonate pathway, indicating that this inhibitory
effect of lovastatin was not due to depletion of end products of mevalonate pathway; third, the
reversal of inhibitory effect of lovastatin by mevalonate and FPP and that of NaPA by only
FPP, but not by mevalonate, indicates that mevalonate and FPP are necessary compounds for
LPS signal transduction; fourth, inhibition of LPS-induced activation of NF-kB and induction
of iNOS by FPT inhibitor II, an inhibitor of Ras farnesyl protein transferase, indicates that
farnesylation of p21™ or other proteins is required for signal transduction in the LPS-induced
expression of iNOS. Since iNOS, TNF-a, IL-1B, and IL-6 have been implicated in the
pathogenesis of demyelinating and neurodegenerative diseases (Mitrovic et al., 1994;
Merrill ef al., 1993), the inventor's results provide a potentially important mechanism whereby
inhibitors of HMG-CoA reductase and mevalonate pyrophosphate decarboxylase may
ameliorate neural injury. Inhibition of LPS-induced NF-kp activation and iNOS expression by
lovastatin, NaPA, and FPT inhibitor II indicates that the observed inhibition of iNOS
expression is due to inhibition of NF-kp activation.

Since mevalonate availability regulates the posttranslational isoprenylation of many
intracellular signaling proteins including p21™ (Goldstein and Brown, 1990), the observed
inhibition of NF-kf activation and induction of iNOS by lovastatin and NaPA may be due to
the decrease or lack of the isoprenylation of p21™, that in turn leads to the lack of or abnormal
signal transmission from receptor tyrosine kinase to Raf/MAP kinase cascade, activation of
NF-kf, and induction of iNOS. The prerequisite of Ras farnesylation in transduction of signals
from receptor tyrosine kinase to Raf/MAP kinase cascade indicates a possible role of

metabolites of mevalonate pathway in the modulation of iNOS induction.
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NO, a diffusible free radical, plays many roles as a signaling and as an effector molecule
in diverse biological systems including neuronal messenger, vasodilation, and antimicrobial and
antitumor activities (Nathan, 1992; Jaffrey and Synder, 1995). In the nervous system, NO
appears to have both neurotoxic and neuroprotective effects, and may have a role in the
pathogenesis of stroke and other neurodegenerative diseases, and in demyelinating conditions
(e.g., multiple sclerosis, experimental allergic encephalopathy, X-adrenoleukodystrophy)
associated with inftltrating macrophages and production of proinflamatory cytokines
(Mitrovic et al., 1994; Merrill et al., 1993; Dawson et al., 1991). NO and peroxynitrite
(reaction product of NO and O,-) are potentially toxic molecules to neurons and
oligodendrocytes that may mediate toxicity through the formation of iron-NO complexes of
iron-containing enzyme systems (Drapier and Hibbs, 1988), oxidation of protein sulflhydryl
groups (Radi er al., 1991), nitration of proteins, and nitrosylation of nucleic acids and DNA
strand breaks (Wink ez al., 1991). Although monocytes/macrophages are the primary source of
iNOS in inflammation, LPS and other cytokines induce a similar response in astrocytes and
microglia (Hu et al., 1995; Galea et al., 1992). NO derived from macrophages, microglia, and
astrocytes has been implicated in the damage of myelin-producing oligodendrocytes in
demyelinating disorders like multiple sclerosis and neuronal death during neuronal
degenerating conditions including brain trauma (Hu e al., 1995; Merrill ef al.,, 1993). The
studies described herein indicate that lovastatin and NaPA, alone or in combination, may
represent a possible avenue of research for therapeutics directed against cytokine- and nitric

oxide-mediated brain disorders, particularly in demyelinating conditions.

EXAMPLE 9
Amelioration of Experimental Allergic Encephalomyelitis by inhibiting the induction of

NOS-2 and proinflammatory cytokines

Proinflammatory cytokines and inducible nitric oxide synthase (INOS) are involved in
the pathogenesis of experimental allergic encephalomyelitis (EAE), an animal model of
multiple sclerosis (MS). In the present study the inventor reports the use of N-acetylcysteine
(NAC), NaPA and lovastatin as therapeutic agents for the amelioration of the autoimmune
demyelinatory discase in EAE. The development of demyelinating lesions in EAE or MS is the

result of a complex chain of events that involves recognition of specific antigen, T cell
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activation, recruitment of nonspecific cells to the lesion, release of numerous cytokines and
inflammatory mediators (e.g., NO) by resident glial cells and infiltrating cells, which in turn
leads to demyelination and CNS damage. NAC, a potent antioxidant, blocks the induction of
iNOS and TNF-a in rat peritoneal macrophages, astrocytes and Cg glioma. Lovastatin, an
inhibitor of the rate limiting enzyme of the mevalonate pathway, has also been shown to block
the induction of iNOS and proinflammatory cytokines (TNF-a, IL-1B and IL-6) in rat
astrocytes, microglia and macrophages. The inventor provides evidence that NAC, NaPA or
lovastatin inhibits the induction of proinflammatory mediators (TNF-a, IFN-y and iNOS) in

EAE central nervous system and also ameliorate the clinical symptoms of the EAE disease.

Materials and Methods

Reagents Female Lewis rats were purchased from Charles River Breeding Laboratories,
Wilmington, MA, USA. Myelin basic protein (MBP), complete Freund's adjuvant (CFA),
N-acetylcysteine (NAC) and FITC conjugated anti-mouse IgG were purchased from Sigma
Chemical Co., USA. Lovastatin was obtained from Calbiochem, USA.

Induction and clinical assessment of Experimental allergic encephalomyelitis (EAE)
Female Lewis rats, 250-300 g, were housed in rat cages and provided with food and water ad
libitum. Rats were induced with EAE by injecting intradermally 50 pg of myelin basic protein
(MBP) per animal emulsified in complete Freund's adjuvant (CFA) into the medial footpad of
each hind leg on day 1 followed by a booster injection on the 7th day under ether anesthesia.
Clinical symptoms in these rats manifest as an asending paralysis resulting in death in most
animals. The signs of EAE were scored as: (0) normal; (1) piloerection; (2) loss in tail tonicity;
(3) hind leg paralysis; (4) paraplegia; and (5) moribund.

Drug Treatment Regiment Lovastatin, NAC or NaPA therapy was started on the first
day of immunization (day 1) and continued daily for the duration of the study. Lovastatin,
NAC or NaPA was dissolved in saline and pH was adjusted to 7.0. One group of rats induced
for EAE were given i.p. injection of Lovastatin (2 mg/Kg body weight) and another group of
rats induced for EAE were given i.p. injection of NAC (150 mg/Kg body weight) or NaPA.
One group of animals induced for EAE was left untreated while another group of animals was
not induced for EAE and used as the control group.

Immunohistochemistry  Brains were fixed in 10% buffered formalin (Stephens

Scientific, Riverdale, NJ). The tissues were embedded in paraffin and sectioned at 4 pm.
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Sections were then stained for various cytokines and cell markers as described below. For
single-label immunohistochemistry, sections were incubated with either anti-INOS antibody
(1:100, rabbit polyclonal, Calbiochem, LaJolla, CA) or anti-TNF- antibody (1:100, rabbit
polyclonal, Genzyme, Cambridge, MA) or anti-IFN-y antibody (1:200, rabbit polyclonal,
Biosource International, Camarillo, CA) essentially as described for other antibodies
(Hooper etal, 1997). The tissue sections were further incubated with FITC conjugated
anti-rabbit IgG (1:100, Sigma, St. Louis, MO), mounted with mounting media (EMS) and
analyzed by immunofluroscence microscopy (Olympus) using Adobe photoshop software. For
immunofluorescent double-labeling, sections were incubated first with anti-INOS (1:100)
followed by macrophage marker ED1 (1:100, mouse monoclonal, Biosource International,
Camarillo, CA). Anti-iNOS was visualized using TRITC conjugated anti-rabbit IgG - (1:100,
Sigma, St. Louis, MO) and ED1 using FITC conjugated anti-mouse IgG (1:100, Sigma, St.
Louis, MO). Negative control sections were incubated with FITC or TRITC conjugated IgG
without the primary antibody.

Results

Expression of iINOS, TNF-o. and IFN-y in Lewis rat brain sections of control, EAE and
drug-treated animals iNOS in the CNS of Lewis rats was detection by immunofluoresence.
Brain sections of control, EAE, EAE treated with NAC, EAE treated with NaPA or EAE
treated with lovastatin were immunostained for iNOS as described under materials and

methods. Brain sections of rats with EAE show expression of iNOS protein as green

- fluorescence in a significant number of cells as compared to control. Moreover, treatment of

rats with NAC, lovastatin or NaPA, blocked the ability of MBP to induce the expression of
iNOS. NAC treatment seems to be better than lovastatin or NaPA in blocking the induction of
iNOS.

TNF-a in the CNS of Lewis rats was detected by immunofluorescence. Brain sections
of control, EAE, EAE treated with NAC, EAE treated with NaPA and EAE treated with
lovastatin were immunostained for TNF-a as described under materials and methods. Similar
to the expression of iINOS, a good number of cells show the expression of TNF-a as green
fluorescence in EAE brain as compared to controls. Treatment with NAC, lovastatin or NaPA
blocked the induction of TNF-o.. In case of TNF-a, better inhibition was observed in brains of

rats treated with lovastatin or NaPA..
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Lewis rat brain sections were stained immunohistochemically for IFN-y. Brain sections
of control, EAE, EAE treated with NAC, EAE treated with NaPA and EAE treated with
lovastatin were immunostained for IFN-y as described under materials and methods. NAC,
lovastatin or NaPA treatments also blocked the induction of IFN-y in brains of animals
challenged with MBP. The demonstration of induction of TNF-a, IFN-y and iNOS in brains of
EAE shows a inflammatory disease process and inhibition of the induction of these cytokines in
brains of rats treated with NAC, NaPA or lovastatin indicate that these drugs may be of value in
ameliorating the inflammatory disease process in EAE.

Co-localization of iNOS with macrophage/microglial marker EDI To identify the cell
type in the CNS of EAE which express iNOS, the inventor performed immunofluorescence
double-labeling study using ED1, a specific marker for macrophage/microglia cells of Lewis rat
brain sections. Brain sections of control, EAE, EAE treated with NAC, EAE treated with
NaPA and EAE treated with lovastatin were immunostained for iNOS (red) and ED1 (green) as
described under materials and methods. Co-expression of iNOS and ED1 that was visualized as
yellow/orange was seen only in EAE induced rat brain sections indicating that
macrophage/microglia of EAE rat brain express iNOS. Animals induced for EAE and treated
with NAC, NaPA or lovastatin showed expression of ED1, however, colocalization of ED1
with iNOS, as seen with EAE sections was not observed. In NAC-, NaPA or lovastatin-treated
rat brain sections ED1 expression was observed but not iNOS.

NAC and lovastatin protect against EAE disease in Lewis female rats Since NAC,
NaPA and lovastatin inhibited the expression of iNOS and proinflammatory cytokines in
activated glial cells (astroglia and microglia) and macrophages and in the CNS of Lewis rats
with EAE, the inventor examined the therapeutic potential of NAC, NaPA and/or lovastatin on
the disease process of EAE. Administration of Lovastatin in Lewis female rats delays the onset
of EAE disease symptoms. Data was taken as average clinical disease scores where 0-normal;
l-piloerection; 2-loss in tail tonicity; 3-hind leg paralysis; 4-paraplegia and S5-moribund.
Clinical symptoms of EAE appeared in MBP-treated Lewis female rats (n=9) from 7th day after
first immunization. In this model, MBP induced a monophasic acute disease progression
resulting in death on 11th day, however, control animals receiving only complete Freund's
adjuvant did not show any disease symptoms. On the other hand treatment of MBP-injected

rats with NAC (n=9), lovastatin (n=9) or NaPA from first day of immunization protected the
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rats from the severity of the disease. Both NAC and lovastatin-treated rats received milder
clinical symptoms (highest clinical score was between 2 and 3) and specially lovastatin
significantly delayed the onset of first of clinical symptom. These results clearly demonstrate

that NAC, NaPA and lovastatin provide protection against neuroinflammatory disease of EAE.

Discussion

These studies clearly demonstrate that both NAC, NaPA and lovastatin inhibit the
expression of proinflammatory cytokines (TNF-o and IFN-y) and iNOS in the CNS of Lewis
rats with EAE and ameliorate the neuroinflammatory disease process in the central nervous
system. Immunohistochemical results show a higher degree of expression of iNOS, tumor
necrosis factor-o. (TNF-o) and interferon-y (IFN-y) in brains of rats with acute monophasic
EAE relative to the control animals. Although NAC and lovastatin did not block the clinical
symptoms of EAE completely in Lewis rat they significantly reduced the severity of the
disease. NAC is a nontoxic drug which has been safely used in humans for more than 30 years.
Lovastatin is also approved as an cholesterol-lowering drug for humans. Therefore, inhibition
of the expression of proinflammatory cytokines and iNOS in the CNS of EAE rats and
amelioration of the EAE disease process by NAC and lovastatin indicates that these drugs may

have therapeutic importance in the treatment of neuroinflammatory diseases like MS.

EXAMPLE 10
Proinflammatory Cytokine-Mediated Apoptosis In Demyelinating Discases

In the present study, the inventor examined the possible involvement of ROS in
cytokine-mediated activation of sphingomyelin breakdown and ceramide formation in rat

primary glial cells.

Materials and Methods

Reagent DMEM/F-12 and fetal bovine serum (FBS) were from Life Technologies, Inc.
Human IL1-B was from Genzyme. Mouse recombinant TNF-o was obtained from Boehringer
Mannheim, Germany. Diamide, buthione (SR)-sulfoximine, N-acetylcysteine, and
pyrrolidinedithiocarbamate were from Sigma.

Isolation and Maintenance of Rat Primary Microglia, Oligodendrocytes, and Astrocytes

Microglial cells were isolated from mixed glial cultures according to the procedure of Guilian
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and Baker (1986). Briefly, after 7 days the mixed glial cultures were washed 3 times with
DMEM/F-12 containing 10% FBS and subjected to a shake at 240 rpm for 4 h at 37°C on a
rotary shaker. The floating cells were washed and seeded onto plastic tissue culture flasks and
incubated at 37°C. After 30 min the non-attached cells (mostly oligodendrocytes) were
removed by repeated washes, and the attached cells were used as microglia. These cells were
seeded onto new plates for further studies. Ninety to ninety-five percent of this preparation was
positive for nonspecific esterase, a marker for macrophages and microglia.

After 4 h shaking, the flasks were washed three times to remove the floating cells.
Medium with 10% FBS was added, and flasks were subjected to another cycle of shaking for
24 h at 250 rpm. The suspended cells were spun at 200 x g and incubated for 30 min in tissue
culture dish. The non-attached or weakly attached cells (mostly oligodendrocytes) were
removed and seeded onto polylysine-coated dishes and cultured in medium containing 1% FBS.
Ninety-five to ninety-seven percent of these cells were positive for galactocerebroside
immunostaining.

Astrocytes were prepared from rat cerebral tissuc as described by McCarthy and
DeVellis (1980). After 10 days of culture astrocytes were separated from microglia and
oligodendrocytes by shaking for 24 h in an orbital shaker at 240 rpm. To ensure the complete
removal of all oligodendrocytes and microglia, the shaking was repeated twice after a gap of 1
or 2 days. Attached cells were trypsinized (I mM EDTA and 0.05% trypsin in 10 mM
Tris-buffered saline, pH 7.4) and distributed into culture dishes. These cells when checked for
the astrocyte marker glial fibrillar acidic protein were found to be 95-100% positive. C, glial
cells obtained from ATCC were also maintained in DMEM/F-12 containing 10% FBS as
indicated above.

Brain Tissue Frozen and fixed X-adrenoleukodystrophy and multiple sclerosis brain
tissues were obtained from Brain and Tissue Banks for Developmental Disorders, University of
Maryland, Baltimore, MD 21201. Two X-ALD brains were from 7- and 9-year-old males, and
two MS brains were from 30- and 33-year old females. Control brain for X-ALD studies was
from an 8-ycar-old male, and control brain for MS studies was from a 30-year-old female.

Lipid Extraction Approximately 1.0 x 10° cells were exposed to different cytokines in
the presence or absence of antioxidants for different periods, and lipids were extracted

according to the methods described by Welsh (1996).
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Quantification of Sphingomyelin by High Performance TLC and Densitometry
Sphingomyelin was separated from total lipid extracts by high performance TLC (LHPK plates
from Whatman) as described by Ganser er al. (1988) for phospholipids with the following
modification: the plate was overrun for 30 min during its development and was dried overnight
in vacuum desiccator. Sphingomyelin was quantitated by densitometric scanning using
Imaging Densitometer (model GS-670; Bio-Rad), and software was provided with the
instrument by the manufacturer.

Quantification of Ceramide Levels by Diacylglycerol Kinase Assay Ceramide content
was quantified essentially according to Priess ez al. (1986) using diacylglycerol (DAG) kinase
and [y-’PJATP.  Briefly, dried lipids were solubilized in 20 ul of an octyl
B-D-glucoside/cardiolipin solution (7.5% octyl B-D-glucoside, 5 mM cardiolipin in 1 mM
DTPA) by sonication in a sonicator bath. The reaction was then carried out in a final volume of
100 pl containing the 20-ul sample solution, 50 mM imidazole HCl, pH 6.6, 50 mM Na(Cl, 12.5
mM MgCl,, 1 mM EGTA, 2 mM dithiothreitol, 6.6 ug of DAG kinase, and 1 mM [y-*PJATP
(specific activity of 1-5 x 10° cpm/nmol) for 30 min at room temperature. The labeled
ceramide-1-phosphate was resolved with a solvent system consisting of methyl acetate:n-propyl
alcohol:chloroform:methanol, 0.25% KCl in water:acetic acid (100:100:100:40:36:2). A
standard sample of ceramide was phosphorylated under identical conditions and developed in
parallel. Both standard and samples had identical R r values (0.46). Quantification of

ceramide-1-phosphate was carried out by autoradiography and densitometric scanning using

Imaging Densitometer (model GS-670; Bio-Rad). Values are expressed either as arbitrary units

(absorbance) or as percent change.

Measurement of GSH (Reduced Glutathione) and GSSG Oxidized Glutathione
Concentration of intracellular reduced GSH was measured using a colorimetric assay kit for
GSH from R & D Systems. Briefly, 2 x 10° cells were homogenized in 500 ul of ice-cold 5%
metaphosphoric acid and centrifuged at 3000 x g for 10 min. Supernatants were used to assay
GSH using 4-chloro-1-methyl-7-trifluromethylquinolinium methylsulfate and 30% NaOH at
400 nm. Concentration of GSSG was determined according to the method of Griffith (1980)
after derivatization with 2-vinylpyridine for 30 min at room temperature.

Detection of DNA Fragmentation Cells (1 x 10°%) were pelleted in an Eppendorf tube by
centrifugation at 1000 rpm for 5 min, washed with phosphate-buffered saline, pH 7.4,
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resuspended gently in 50 ul of a lysis buffer (200 mM NaCl, 10 mM Tris-HCI, pH 8.0, 40 mM
EDTA, pH 8.0, 0.5% SDS, 400 ng of RNase A/ul), and incubated at 37°C for 1 h. The lysate
received 200 pl of the digestion buffer (200 mM NaCl, 10 mM Tris-HCl, pH 8.0, 0.5% SDS,
125 ng of proteinase K/ul). The contents were mixed by inversion several times and then
incubated at 50°C for 2 h. An equal volume of a mixture of phenol, pH 8.0, chloroform, and
isoamyl alcohol (25:24:1, v/v) was added, gently mixed for 10 min, and stored at room
temperature for 2 min. The two phases were separated by centrifugation at 3000 rpm for 10
min. The viscous aqueous phase was transferred to a fresh tube, and the phenol/chloroform
extraction was repeated. The aqueous phase was extracted with an equal volume of chloroform,
and 1.0 M MgCl, was added to the aqueous phase to a final concentration of 10 mM. The total
DNA was precipitated by the addition of 2 volumes of absolute ethanol with several inversions.
DNA was pelleted by centrifugation at 3000 rpm for 15 min, washed with 70% ethanol, and
air-dried. The pellet was dissolved in 25 ul of 10 mM Tris-HCI containing 1.0 mM EDTA, pH
8.0, and electrophoresed in 1.8% agarose gel at 4°C. The gel was stained with ethidium
bromide, and DNA-intercalated ethidium fluorescence was photographed on Polaroid film 665
(P/N) using an orange filter. To study DNA fragmentation in banked human brain tissues, brain
tissues were gently homogenized in 0.85 M sucrose buffer, and nuclei were purified according
to the procedure described previously (Lazo et al., 1991). Total genomic DNA was isolated
from the nuclei and electrophoresed as described.

Fragment End Labeling of DNA on Paraffin-embedded Tissue Sections of MS and
X-ALD Brains Fragmented DNA was detected in situ by the terminal
deoxynucleotidyltransferase-mediated binding of 3’-OH ends of DNA fragments generated in
response to apoptotic signals, using a commercially available kit (TdT FragEL™) from
Calbiochem. Briefly, paraffin-embedded tissue slides were deparaffinized, rehydrated in
graded ethanol, treated with 20 pg/ml proteinase K for 15 min at room temperature, and washed
prior to terminal deoxynucleotidyltransferase staining. After terminal

deoxynucleotidyltransferase staining, sections were lightly counterstained with methyl green.

Results
NAC and PDTC Block TNF-o- and IL-1B-induced Degradation of Sphingomyelin to
Ceramide in Primary Rat Astrocytes Rat primary astrocytes were cultured in serum-free media

with TNF-o or IL-1B for different times to quantify the production of ceramide using
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diacylglycerol (DAG) kinase. Since DAG kinase phosphorylates both DAG and ceramide
using [7-32P]ATP as substrate, both lipids can be quantified in the same assay. Rat primary
astrocytes were exposed to TNF-a (50 ng/ml) for different time intervals ©, 5, 15, 30, 45 and
60 minutes). Lipids were extracted, and DAG and ceramide contents were determined as
described under "Materials and Methods." Results were determined as the mean + S.D. of three
different studies. It was found that in astrocytes, the DAG content was much higher than the
ceramide content. Stimulation of cells with TNF-o resulted in a time-dependent increase in the
production of ceramide (about 3-fold after 45 min). In contrast to induction of ceramide
production, the level of DAG, an activator of protein kinase C and acidic sphingomyelinase,
was unchanged at different time points of stimulation.

In another experiment, rat primary astrocytes preincubated with either 10 mM NAC or
100 uM PDTC for 1 h in serum-free DMEM/F-12 received TNF-q, (50 ng/ml). At different
time intervals (0, 15, 30, 45, and 60 minutes), cells were washed with HBSS and scraped off.
Lipids were extracted, and levels of ceramide (100% value is 4.51 + 0.1 nmol/mg protein) and
sphingomyelin (100% value is 25.39 + 6.27 nmol/mg protein) were measured as described
under "Materials and Methods." Results were measured as the mean + S.D. of three different
studies. TNF-a-induced degradation of sphingomyelin to ceramide was inhibited by NAC and
PDTC. |

Similar to TNF-a, stimulation of astrocytes with IL-1B for different times also induced
a significant increase in the ceramide content. Rat primary astrocytes preincubated with either
10 mM NAC or 100 pM PDTC for 1 h in serum-free DMEM/F-12 received IL-1B (50 ng/ml).
At different time intervals (0, 15. 30, 45, and 60 minutes), cells were washed with HBSS and
scraped off. Lipids were extracted, and levels of ceramide (100% value is 4.51 + 0.1 nmol/mg
protein) and sphingomyelin (100% value is 25.39 + 6.27 nmol/mg protein) were measured as
described under "Materials and Methods." Results were measured as the mean + S.D. of three
different studies. Almost 3-4-fold increase in ceramide production was found in astrocytes after
30 or 45 min of exposure with TNF-a or IL-1B. This increase in ceramide was paralleled by
TNF-o- and IL-1B-induced decrease in sphingomyelin. Sphingomyelin turnover of
approximately 18-25% could be observed as early as 15 min following treatment of astrocytes,
and maximal effects of up to 45-50% SM hydrolysis were observed after 30-45 min of
treatment with TNF-a or IL 1.
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These studies indicate that both TNF-o and IL-1B can modulate the degradation of
sphingomyelin to produce ceramide, the putative second messenger of the sphingomyelin signal
transduction pathway, in rat primary astrocytes within a short time. Interestingly, the inventor
found that treatment of astrocytes with antioxidants like NAC (10 mM) 1 h before the addition
of TNF-a or IL1p potentially blocked the decrease in sphingomyelin as well as the increase in
ceramide, whereas 10 mM acetate had no effect on the degradation of SM to ceramide. Similar
to NAC, another antioxidant PDTC also inhibited cytokine-mediated degradation of SM to
ceramide. These studies indicate that reactive oxygen species (ROS) are possibly involved in
cytokine-induced degradation of SM to ceramide. |

INF-o. and IL-1B Decrease Intracellular Level of Reduced Glutathione (GSH) in Rat
Primary Astrocytes and NAC Blocks This Decrease Since the intracellular level of GSH is an
important regulator of the redox state of a cell, to understand the relationship between induction
of ceramide production and intracellular level of GSH in cytokine-stimulated astrocytes, cells
were stimulated with TNF-a or IL-1 B, and the level of GSH was measured at different times (0,
15, 30, 45, 60, 75, and 90 minutes). Rat primary astrocytes preincubated with 10 mM NAC for
1 h received either TNF-a (50 ng/ml) or IL-1B (50 ng/ml). At different time intervals, cells
were scraped off, and GSH concentrations (100% value is 182.5 + 15.4 nmol/mg protein) were
measured as described under "Materials and Methods." Results were measured as the mean +
S.D. of three different studies. The stimulation of cells with TNF-c or IL-1pB resulted in an
immediate decrease in intracellular level of GSH with the maximal decrease (66-70% of
contrel) found within 15-30 min of initiation of stimulation, and with a further increase in time
of incubation, the level of GSH was found to be almost normal (88-95% of control at 90 min).
These studies indicate that cytokine stimulation apparently induces rapid, short term production
of oxidants which transiently deplete GSH. However, the lack of decrease of GSH (FIG. 4) and
lack of hydrolysis of SM in the presence of NAC in the cytokine-treated cells indicate that
NAC inhibited the cytokine-induced degradation of SM to ceramide by maintaining the normal
levels of GSH.

Thiol-depleting Agents Induce the Production of Ceramide in Rat Primary Astrocytes
Since NAC, a thiol antioxidant, blocked cytokine-mediated depletion of intracellular levels of
GSH and breakdown of SM to ceramide, the inventor investigated the effect of thiol-depleting

agents (diamide and buthione-(SR)-sulfoximine) on ceramide production. Diamide reduces the
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intracellular level of GSH by its oxidation to GSSG, whereas buthione-(SR)-sulfoximine does
so by blocking the synthesis of GSH (Shertzer et al,, 1995; Akamatsu et al., 1997). Rat
primary astrocytes preincubated with 10 mM NAC for 1 h received diamide (0.5 mM). At
different time intervals (0, 15, 30, 45, and 60 minutes), cells were washed with HBSS and
scraped off. Lipids were extracted, and the level of ceramide (100% value is 4.51 + 0.1
nrhol/mg protein) was measured as described under "Materials and Methods". Results were
measured as the mean + S.D. of three different studies. Additionally, at different time intervals
(0, 15, 30, 45, and 60 minutes), intracellular level of GSH (100% wvalue is 182.5 + 154
nmol/mg protein) was measured as described under "Materials and Methods." Results were
measured as the mean + S.D. of three different studies. Stimulating rat primary astrocytes with
diamide resulted in an immediate decrease in intracellular level of GSH due to rapid
consumption of intracellular GSH through its nonenzymatic conversion to the oxidized dimer,
GSSG (Shertzer et al., 1995), and marked induction of ceramide production (about 7-fold after
30 min of stimulation) indicating that intracellular level of GSH is the important regulator of
degradation of SM to ceramide. Consistent with this, treatment of cells with NAC blocked
diamide-mediated decrease in GSH level and induction of ceramide production. Similar to
diamide, buthione-(SR)-sulfoximine also decreased the level of GSH and induced the
production of ceramide.

The inventor investigated the intracellular level of GSSG in astrocytes treated with
TNF-a and diamide. Rat primary astrocytes were incubated with TNF-o (50 ng/ml) and
diamide (0.5 mM), and at different time intervals (0, 15, 30, 45, and 60 minutes) the

intracellular level of GSSG (100% value is 4.9 £+ 0.52 nmol/mg protein) was measured as

described under "Materials and Methods." Results were measured as the mean + S.D. of three
different studies. In contrast to the decrease in intracellular level of GSH, both TNF-o. and
diamide increased the intracellular level of GSSG. Thus it appears that the low GSH and/or
high intracellular oxidant (ROS) levels induced by cytokines and thiol-depleting agents
facilitated the induction of ceramide production, whereas the normal levels of GSH and/or low
ROS induced or maintained by the addition of NAC under these conditions blocked the
hydrolysis of sphingomyelin to ceramide. Taken together, these results demonstrate that the
intracellular levels of GSH and/or ROS regulate the extent to which sphingomyelin is degraded

to ceramide, and ceramide-mediated signaling cascades are transduced.
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Aminorriazole and Hydrogen Peroxide Induce the Production of Ceramide in Rat
Primary Astrocytes Inhibition of cytokine-mediated induction of ceramide production by
antioxidants and induction of ceramide production by thiol-depleting agents alone indicate the
possible involvement of ROS in the induction of ceramide production. Therefore, the inventor
examined the effect of exogenous addition of an oxidant like H,0, or endogenously produced
H,O, by inhibition of catalase with aminotriazole (ATZ), which inhibits endogenous catalase to
increase the level of H,0,, on the induction of ceramide production. Rat primary astrocytes
were incubated with 5 mM aminotriazole (47Z) or 0.5 mM H,0, in presence or absence of 10
mM NAC. At different time intervals (0, 15, 30, 45, and 60 minutes), cells were washed with
HBSS and scraped off. Lipids were extracted, and the level of ceramide (100% value is 4.51 +
0.1 nmol/mg protein) was measured as described under "Materials and Methods." Results are
mean + S.D. of three different studies. Approximately 45 min following the addition of ATZ,
ceramide generation increased more than 5-fold over base line. However, pretreatment of cells
with NAC blocked the ATZ-mediated increase in ceramide production. Consistent with the
increase in ceramide production by ATZ, addition of exogenous H,0, to astrocytes also
induced the production of ceramide with the maximum increase of about 7-fold after 15 min.
These results clearly indicate that intracellular levels of ROS regulate the production of
ceramide.

Inhibition of Cytokine-mediated Production of Ceramide in Rat Primary Microglia,
Oligodendrocytes, and Cg Glial Cells by NAC Since NAC inhibited the cytokine-mediated
production of ceramide in rat primary astrocytes, the inventor examined the effect of NAC on
cytokine-mediated induction of ceramide production in rat primary oligodendrocytes, microglia
and Cq glial cells. Rat primary microglia, oligodendrocytes, and C¢ glial cells preincubated
with 10 mM NAC for 1 h in serum-free DMEM/F-12 received TNF-a. (50 ng/ml). Cells were
washed with HBS and scrapped off at different intervals (0, 5, 30, 45, and 60 minutes). Lipids
were extracted, and ceramide content (100% value for microglia, oligodendrocytes, and C glial
cells are 2.72 £ 0.53, 3.37 £ 0.32, 4.73 + 0.21 nmol/mg protein, respectively) was measured as
described under "Materials and Methods." Results were determined as the mean + SD. of three
different studies. The addition of TNF-a to microglia, oligodendrocytes, or Cq glial cells
induced the production of ceramide. The increase in ceramide in these cells ranges from 2.5- to

4-fold with highest increase in glial cells and lowest in oligodendrocytes. The ceramide levels



10

15

20

25

30

WO 99/26657 PCT/US98/25360

149

peaked in glial cells at 30 min following stimulation and 45 min of stimulation in
oligodendrocytes and Cq glial cells. These observations show that similar to astrocytes, the SM
cycle is also present in microglia, oligodendrocytes and C¢ glial cells. Consistent with the
effect of NAC on the production of ceramides in astrocytes, this antioxidant also potently
blocked the TNF-a-induced production of ceramide in microglia, oligodendrocytes, and Cg
glial cells indicating that ROS are also involved in cytokine-mediated ceramide production in

these cells.

NAC  Inhibits TNF-o. and Diamide-mediated Apoprosis  in  Rat Primary
Oligodendrocytes by Increasing the Intracellular Level of GSH and Decreasing the Production
of Ceramide The inventor investigated the effect of NAC on TNF-a as well as
diamide-mediated apoptosis in rat primary oligodendrocytes as evidenced by electrophoretical
detection of hydrolyzed DNA fray meets ("laddering"). To understand the role of the
intracellular level of GSH in inducing apoptosis, the inventor treated oligodendrocytes with
TNF-o or with diamide, a thiol-depleting agent. Rat primary oligodendrocytes preincubated
with 10 mM NAC for 1 h received either diamide (0.5 mM) or TNF-a (50 ng/ml). After 12 h
of incubation, cells were harvested and washed with phosphate-buffered saline, and genomic
DNA was extracted and run on agarose gels as described under "Materials and Methods." Ten
micrograms of DNA was loaded in each lane. This study was repeated three times. Levels of
ceramide (100% wvalue is 3.37 + 0.32 nmol/mg protein) and GSH were measured in
homogenates as described under "Methods and Materials." Results were measured as the mean
% 8.D. of three different studies. Both TNF-o. and diamide decreased the intracellular level of
GSH, increased the level of ceramide, and induced internucleosomal DNA fragmentation as
evident from the typical ladder pattern. Interestingly, blocking of the diamide- and
TNF-a-mediated decrease in intracellular levels of GSH by pretreatment with NAC inhibited
the induction of ceramide formation énd DNA fragmentation indicating that intracellular levels
of GSH may regulate apoptosis in oligodendrocytes through ceramide formation. To prove this
further, oligodendrocytes were treated with C,-ceramide (a cell-permeable ceramide analog) in
the presence or absence of NAC. Rat primary oligodendrocytes preincubated with 10 nM NAC
for 1 h received C,-ceramide. After 12 h of incubation, cells were harvested and washed with
phosphate-buffered saline, and genomic DNA was extracted and run on agarose gels as

described under "Materials and Methods." Ten micrograms of DNA was loaded in each lane.
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This study was repeated three times. In contrast to the inhibitory effect of NAC on
TNF-a-mediated apoptosis, NAC had no effect on C,-ceramide-mediated apoptosis in
oligodendrocytes.

DNA Fragmentation in Banked Human Brains with X-ALD and MS To understand the
underlying relationship among intracellular levels of GSH, levels of ceramide, and DNA
fragmentation in cytokine-inflamed central nervous system of X-ALD and MS, the inventor
measured the levels of GSH and ceramide in homogenates and also studied the DNA
fragmentation in nuclei from brains of patients with X-ALD and MS. Regions surrounding
plaques of human brain white matter were used for DNA laddering and to measure the levels of
ceramide and GSH. Controls were age- and sex-matched controls for X-ALD and MS,
respectively. Since there was no plaque in control brains, the inventor used white matter of
control brain for this study. Genomic DNA isolated from nuclei of banked human brains was
run on agarose gel and photographed as described under "Materials and Methods." Ten
micrograms of DNA was loaded in each lane. This study was reproduced three times. The
same amount of brain material (based on protein concentration) was used to measure the level
of ceramide as described under "Materials and Methods." Results were measured as the mean +
S.D. of three different studies. Concentrations of ceramide in the X-ALD and MS controls
were 46.6 + 2.56 and 61.6 £ 6.69 nmol/mg protein, respectively. The concentration of GSH
was measured in homogenates as described under "Materials and Methods.” Results for this
experiment was the mean + S.D. of three different studies. In contrast to white matters of
control brains, white matters of both X-ALD and MS brains had several plaque regions. In
both X-ALD and MS brain homogenates, the level of GSH was lower (55-70% of control), and
the level of ceramide was higher (2-3 fold) compared with those found in control brains.
Consistent with a lower level of GSH and a higher level of ceramide, genomic DNA isolated
from nuclei of X-ALD and MS brains when run on agarose gels formed the typical ladder
pattern, an indicator of apoptosis, which was absent in both of the normal brains.

To confirm apoptosis in regions surrounding the plaques of white matters of X-ALD
and MS, paraffin-embedded tissue sections of X-ALD and MS were stained with terminal
deoxynucleotideyltransferase-mediated fragment end labeling. Terminal
deoxynucleotidyltransferase-mediated end labeling of 3'-OH ends of DNA fragments on

paraffin-embedded tissue sections (control, X-ALD, and MS) was carried out using a
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commercially available kit from Calbiochem. Regions surrounding plaques were used for this
study. Consistent with increased DNA fragmentation (apoptosis) in isolated nuclei of X-ALD
and MS, the inventor observed increased terminal deoxynucleotidyltransferase staining on brain
sections of X-ALD and MS compared with those of controls. These biochemical and
morphological observations indicate that intracellular level of GSH may be an important factor
in cytokine-mediated degradation of SM to ceramide and apoptosis in inflammatory

demyelinating diseases like X-ALD and MS.

Discussion

The inventor shows that intracellular GSH plays a crucial role in the breakdown of SM
to ceramide, in that low GSH levels are required for ceramide generation and high GSH levels
inhibit production of ceramide. Inhibition of cytokine-mediated breakdown of SM to ceramide
by antioxidants like N-acetylcysteine (NAC) and pyrrolidinedithiocarbamate (PDTC) and
induction of ceramide production by oxidants or pro-oxidants like hydrogen peroxide,
aminotriazole, diamide, and L-buthione-(SR)-sulfoximine clearly delineate a novel function of
ROS and GSH in regulation of the first step of sphingomyelin signal transduction pathway.
Moreover, decreased levels of GSH and increased levels of ceramide correlate with the DNA
fragmentation in rat primary oligodendrocytes as well as in the banked human brains from
patients with neuroinflammatory diseases (e.g, multiple sclerosis and
X-adrenoleukodystrophy).

The present study underlines the importance of reactive oxygen species in

-cytokine-mediated degradation of sphingomyelin (SM) to ceramide. Treatment of rat primary

astrocytes with tumor necrosis factor-a (TNF-a) or interleukin-1B led to marked alteration in
cellular redox (decrease in intracellular GSH) and rapid degradation of SM to ceramide.
Interestingly, pretreatment of astrocytes with N-acetylcysteine (NAC), an antioxidant and
efficient thiol source for glutathione, prevented cytokine-induced decrease in GSH and
degradation of sphingomyelin to ceramide, whereas treatment of astrocytes with diamide, a
thiol-depleting agent, alone caused degradation of SM to ceramide. Moreover, potent
activation of SM hydrolysis and ceramide generation were observed by direct addition of an
oxidant like hydrogen peroxide or a prooxidant like aminotriazole. Similar to NAC,
pyrrolidinedithiocarbamate, another antioxidant, was also found to be a potent inhibitor of

cytokine-induced degradation of SM to ceramide indicating that cytokine-induced hydrolysis of
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sphingomyelin is redox-sensitive. Besides astrocytes, NAC also blocked cytokine-mediated
ceramide production in rat primary oligodendrocytes, microglia, and Cg¢ glial cells. Inhibition
of TNF-a- and diamide-mediated depletion of GSH, elevation of ceramide level, and DNA
fragmentation (apoptosis) in primary oligodendrocytes by NAC, and observed depletion of
GSH, elevation of ceramide level, and apoptosis in banked human brains from patients with
neuroinflammatory diseases (e.g., X-adrenoleukodystrophy and multiple sclerosis) indicate that
the intracellular level of GSH may play a critical role in the regulation of cytokine-induced
generation of ceramide leading to apoptosis of brain cells in these diseases.

Changes in the cellular redox state toward either prooxidant or antioxidant conditions
have profound effects on cellular functions. Several lines of evidence presented in this work
indicate that the first step of cytokine-induced sphingomyelin signal transduction pathway (i.e.
breakdown of sphingomyelin to ceramide and phosphocholine) is redox-sensitive. First,
cytokines like TNF-o and IL-1B decreased intracellular GSH and induced the degradation of
sphingomyelin to ceramide in rat primary astrocytes, oligodendrocytes, microglia, and rat Cg
glial cells, and pretreatment of the cells with antioxidants like NAC restored the levels of GSH
and blocked the degradation of sphingomyelin to ceramide. Second, depletion of endogenous
glutathione by diamide or buthione sulfoximine alone induces the degradation of
sphingomyelin to ceramide which is blocked by NAC. Third, the increase in intracellular H,0,
by the addition of exogenous H,0, or by the inhibition of endogenous catalase by aminotriazole
induced the degradation of sphingomyelin to ceramide which is also blocked by NAC. Fourth,
besides NAC, PDTC, an antioxidant but not the precursor of GSH (Laight et al., 1997), also
inhibited the TNF-a- and IL-1B-induced hydrolysis of sphingomyelin to ceramide.

Over the years a number of sphingomyelinase activities have been observed in the cell.
The major activities are the acid sphingomyelinase present in lysosomes, an enzyme with
deficient activity in Niemann-Pick disease (Spence, 1993), and plasma membrane-associated
magnesium-dependent neutral pH optimal sphingomyelinase (Chatterjee, 1993). In addition, a
cytosolic magnesium-independent (Okazaki ef al., 1994) and zinc-dependent  acidic
(Schissel et al., 1996) sphingomyelinase have also been reported. The lysosomal acidic
sphingomyelinase is believed to be responsible for degradation of sphingomyelin associated
with turnover of membrane. The membrane-associated neutral sphingomyelinase is known to

be activated in serum deprivation, TNF-a, and Fas-associated growth suppression and
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apoptosis (Tepper ef al., 1995; Weigman ef al., 1994). Although the studies reported here do
not identify the sphingomyelinase that is redox-sensitive, it is likely that the observed
redox-sensitive hydrolysis of sphingomyelin in cytokine-induced production of ceramide is
mediated by the plasma membrane-associated neutral sphingomyelinase.

The inventor's studies showing DNA fragmentation and increase in ceramide and
decrease in GSH in primary oligodendrocytes and banked human brains with X-ALD and MS
clearly indicate that intracellular redox (level of GSH) is an important regulator of apoptosis via
controlling the generation of ceramide. The inventor's conclusion is based on the following
observations. First, treatment of oligodendrocytes with TNF-o decreased intracellular level of
GSH, increased degradation of SM to ceramide, and induced DNA fragmentation; however,
pretreatment of oligodendrocytes with NAC blocked the TNF-o- mediated decrease in GSH
level, increase in ceramide level, and increase in DNA fragmentation. In contrast, NAC had no
effect on ceramide-mediated DNA fragmentation. Second, treatment of oligodendrocytes only
with diamide, a thiol-depleting agent, decreased intracellular level of GSH, increased level of
ceramide, and induced DNA fragmentations which are prevented by pretreatment of NAC, a
thiol-replenishing agent. Third, the inventor observed increased fragmentation of DNA in the
white matter region surrounding plaques from patients with X-ALD and MS where the levels of
GSH and ceramide were lower and higher, respectively, compared with those found in white
matters of control human brains. These observations indicate that maintenance of the
thiol/oxidant balance is crucial for protection against cytokine-mediated ceramide production
and thereby against ceramide-induced cytotoxicity.

Observations described herein have demonstrated that ceramide potentiates the
cytokine-mediated induction of inducible nitric oxide synthase in astrocytes and Cg glial cells.
Although ceramide by itself did not induce the expression of inducible nitric oxide synthase and
production of NO, it markedly stimulated the cytokine-induced expression of inducible nitric
oxide synthase and production of NO indicating that sphingomyelin-derived ceramide
generation may be an important factor in cytokine-mediated cytotoxicity in neurons and
oligodendrocytes in neuroinflammatory diseases. The NAC, which has been used to block the
cytokine-induced ceramide production in this study and to inhibit cytokine-mediated induction
of inducible nitric oxide synthase, is a nontoxic pharmaceutical drug that enters the cell readily

and serves both as a scavenger of ROS and a precursor of GSH, the major intracellular thiol
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(Smilkstein ef al., 1988). Therefore, the use of reductants such as NAC or other thiol
compounds may be beneficial in restoring cellular redox and in inhibition of cytokine-mediated
induction of inducible nitric oxide synthase and breakdown of sphingomyelin thus reducing
NO-mediated cytotoxicity as well as ceramide-mediated apoptosis in neuroinflammatory
diseases.

EXAMPLE 11
Lovastatin and sodium phenylacetate normalize the levels of very long chain fatty acids in

skin fibroblasts of X- adrenoleukodystrophy

The inventor has observed that lovastatin and NaPA inhibit the induction of nitric oxide
synthase and proinflammatory cytokines (TNF-o, IL-1B and IL-6) in rat primary astrocytes,
microglia and macrophages indicating that these drugs, alone or in combination, may represent
a possible avenue of research for therapeutics directed against cytokine- and NO-mediated brain
disorders, particularly in demyelinating conditions. Lovastatin and NaPA have already been
approved for medication/drug trials for human diseases. In the current work the inventor
provides evidence for the therapeutic intervention against pathognomonic accumulation of

VLCFA in X-ALD with these drugs.

Materials and methods

Reagents DMEM, bovine calf serum and Hanks' buffered salt solution (HBSS) were
from Gibco. [1-'4C]Lignoceric acid was synthesized by treatment of n-tricosanoyl bromide with
K'CN as described previously (Hoshi and Kishimoto, 1973).

Enzyme assay for B-oxidation of lignoceric acid  The enzyme activity of
[ l—”C]lignoceric acid B-oxidation to acetate was measured in intact cells suspended in HBSS.
Briefly, the reaction mixture in 0.25 ml of HBSS contained 50-60 ng of protein and 6 uM
1-14C]1ignoceric acid. Fatty acids were solubilized with a-cyclodextrin and B-oxidation of
[l-MC]lignoceric acid was carried out as described previously (Singh et al., 1984; Lazo et al.,
1988).

Measurement of VLCFA in fibroblasts Fatty acid methyl ester (FAME) was prepared as
described previously by Lepage and Roy (1986) with modifications. Fibroblast cells,
suspended in HBSS, were disrupted by sonication to form a homogeneous solution. An aliquot

(200 pl) of this solution was transferred to a glass tube and 5 ug heptacosanoic (27:0) acid was
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added as internal standard and lipids were extracted by Folch partition. Fatty acids were
transesterified with acetyl chloride (200 pul) in the presence of methanol and benzene (4:1) for
2 h at 100°C. The solution was cooled down to room temperature followed by addition of 5 mi
6% potassium carbonate solution at ice-cooled temperature. Isolation and purification of
FAME were carried out as detailed by Dacremont ef al. (1995). Purified FAME, suspended in
chloroform, was analyzed by gas chromatograph GC-15A attached with chromatopac C-R3A
integrator from Shimadzu Corporation.

Preparation of post-nuclear membrane and Western blot analysis The membranes were
prepared as described previously (Contreras et al., 1996). Briefly, the post-nuclear fraction was
diluted with an ice-cold solution of 0.1 M sodium carbonate, 30 mM iodoacetamide, pH 11.5.
After 30 min of incubation at 4°C, the membranes were sedimented by ultracentrifugation The
sedimented membranes were electrophoresed in 7.5% sodium dodecylsulfate-polyacrylamide
gel, transferred to PVDF membranes and immunoblotted with antibodies against ALDP as
described (Contreras ez al., 1996).

RNA isolation and Northern blot analysis Cultured skin fibroblasts were taken out from
culture flasks directly by adding Ultraspec-II RNA reagent (Biotecx) and total RNA was
isolated according to the manufacturer's protocol. 20 pg of RNA from each sample was
electrophoretically resolved on 1.2% denaturing formaldehyde-agarose gel, transferred to nylon
membrane, and crosslinked using UV Stratalinker (Stratagene, La Jolla, CA). Full length
ALDP c¢cDNA was kindly provided by Dr. Patrick Aubourg, INSEAM, Hospital
Saint-Vincent-de-Paul, Paris, France. >?P-labeled cDNA probes were prepared according to the
instructions provided with Ready-To-Go DNA labeling kit (Pharmacia Biotech). Northern blot
analysis was performed essentially as described for Express Hyb Hybridization solution
(Clontech, Palo Alto, CA) at 68°C. GAPDH cDNA probe was used as standard for comparing

hybridization signals.

Results

Inhibitors of mevalonate pathway stimulate the B-oxidation of lignoceric acid in X-ALD
Jibroblasts.  First, the inventor studied the effect of mevalonate inhibitors (lovastatin,
mevastatin and NaPA) on the B-oxidation of lignoceric acid in control human skin fibroblasts.
It is apparent from Table 17 that lovastatin, mevastatin and NaPA stimulated the B-oxidation of

lignoceric acid in control human skin fibroblasts. Since the B-oxidation of lignoceric acid is
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impaired in X-ALD patients, the inventor studied the effect of these compounds on lignoceric
acid B-oxidation in cultured skin fibroblasts of X-ALD. Cultured skin X-ALD fibroblasts were
incubated in serum-containing DMEM with different concentrations of lovastatin (0, 2, 4, 6, 8,
and 10 pM) or NaPA (0, 1, 2, 3, 4, and 5 mM) in the presence or absence of 2 uM lovastatin.
After every 24 h, medium was replaced with the addition of fresh reagents. Lignoceric acid
B-oxidation was measured after 72 h in cell suspension as described above. Values were
measured as the mean + S.D. of three different studies. Similar to control fibroblasts, these
compounds also stimulated lignoceric acid B-oxidation in X-ALD fibroblasts. Both lovastatin
and NaPA stimulated lignoceric acid B-oxidation in X-ALD fibroblasts in a dose-dependent
manner. The highest dose of lovastatin found to stimulate lignoceric acid B-oxidation (by 70%)
was 5 uM whereas the highest dose of NaPA found to stimulate lignoceric acid B-oxidation (by
40%) was 5 mM. However, a greater degree of stimulation (more than two-fold) was observed
by a combination of lovastatin and NaPA even at a dose lower than the one used individually.
Higher doses of lovastatin (10-20 pM) or NaPA (1-20 mM) were cytotoxic to the X-ALD
fibroblasts and did not result in further significant stimulation. In the cell fatty acids are
oxidized by mitochondrial and peroxisomal B-oxidation enzyme systems. The inventor
examined the effect of etomoxir, an inhibitor of mitochondrial B-oxidation, on the B-oxidation
of fatty acids (Mannaertseral, 1979). Etomoxir had no effect on lovastatin- or
NaPA-mediated stimulation of lignoceric acid B-oxidation indicating that the observed
stimulation of lignoceric acid B-oxidation was a peroxisomal function.

Modulation of cellular content of VLCFA in X-ALD fibroblasts by lovastatin and NaPA
Since mevalonate inhibitors increased B-oxidation of lignoceric acid in control as well as
X-ALD fibroblasts, the inventor examined the effect of these compounds on the in situ levels of
VLCFA in X-ALD fibroblasts. Cultured skin X-ALD fibroblasts were incubated in
serum-containing DMEM with 5 pum lovastatin, 5 mM NaPA or the combination of 2 pm
lovastatin and 2 mM NaPA for different days (0, 3, 6, 9, 12, and 15 days), and the ratios of
C26:0/Ca2:0 (A) and Cy4.¢/Cypy.o(B) were measured as described. Values were determined as the
mean of two different experiments. Treatment of X-ALD fibroblasts with 5 um of lovastatin
for different time periods (days) resulted in a time-dependent decrease in the ratios of Cu6.0/Ca-0
and Cy4.¢/Cpyo. Within 12-15 days of treatment, the ratios of Ca6:0/Cr.0 and C,y.¢/Cypy in

X-ALD fibroblasts decreased to the normal level. Similar to lovastatin, NaPA also lowered the
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ratios of Cy6.0/Cpy.0 and Cyy.¢/Cayg in X-ALD fibroblasts almost to the normal level after 15
days of treatment. However, consistent with the higher degree of stimulation of lignoceric acid
p-oxidation by a combination of lovastatin and NaPA, the same combination lowered the ratios
of Cy4.0/Cpp.0 and C,4.9/Cyyp to normal levels within 7 days. This decrease in the ratios of
C26:0/Caz;0 and Cyy,0/Cyy ¢ was also associated with a decrease in the absolute amounts of Cus0
and C,4,c Whereas no significant change was observed in the levels of C,,.0 (behenoic acid).
Normalization of the levels of VLCFA by lovastatin or NaPA in different X-ALD cells
with or without deletion of the X-ALD gene. Although the precise function of ALDP, X-ALD
gene product, in the metabolism of VLCFA is not known at the present time, however,
accumulation of VLCFA in X-ALD cells with loss or mutations in ALDP and their
normalization following transfection of ¢cDNA of ALDP indicate a role of ALDP in the
metabolism of VLCFA (Cartier eral,, 1995). Therefore, the inventor next attempted to
examine whether lovastatin or NaPA were able to lower the levels of VLCFA in X-ALD
fibroblast cell lines with mutation or deletion of the X-ALD gene. Western blot analysis of
post-nuclear membrane fraction of X-ALD skin fibroblasts with antibodies against ALDP and
Northern blot analysis of X-ALD skin fibroblasts for ALDP mRNA were carried out as
described. ALDS2, ALDS3 and ALDS4 are X-ALD skin fibroblasts with mutation of the
X-ALD gene, whereas ALDS5 and ALDS6 are X-ALD skin fibroblasts with deletion of the
X-ALD gene. The status of ALDP mRNA or protein and the rate of B-oxidation .of lignoceric
acid (Table 18) in different X-ALD dibroblasts indicates that ALDS2, ALDS3 and ALDS4 are
X-ALD skin fibroblasts with mutation of the X-ALD gene, whereas ALDS5 and ALDS6 are
X-ALD skin fibroblasts with deletion of the X-ALD gene. It is apparent from Table 18 that the
treatment of X-ALD fibroblasts with lovastatin or NaPA or a combination of these stimulated
the B-oxidation of lignoceric acid (55-80%) and normalized the ratios of Cy6.0/Cys.0 indicating
that these drugs are capable of lowering the level of VLCFA in X-ALD fibroblasts to the
normal levels, irrespective of mutation or deletion of the X-ALD gene, the candidate gene for

X-ALD.
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Table 17
Lovastatin and NaPA stimulate the B-oxidation of lignoceric acid

in control human skin fibroblasts

Treatment Lignoceric acid p-oxidation (pmol/h/mg protein)
Control 570.2+52.3

Lovastatin (5 uM) 945.7 £ 105.6

Mevastatin (5 uM) 889.6 +78.4

NaPA (5 mM) 826.2 +£87.2

Cells were treated for 72 h in serum-containing DMEM with the listed reagents; B-oxidation, of
lignoceric acid was measured as described in Section 2. Medium was replaced after every 24 h

with the addition of fresh reagents. Data are mean + S.D. of three different studies.

Table 18-A
Effect of lovastatin and NaPA on (A) B-oxidation of lignoceric acid and (B)
the ratios of Cy4,¢/C,; g and C,,,¢/C,,.y in cultured skin fibroblasts of X-ALD

Lignoceric acid -oxidation (pmol/h/mg

protein)

Cell line Control Lovastatin NaPA LovastatintNaPA
A.

ALDS2 1427+ 157 223.5+24.1 2025+ 174 274.6 £ 30.5
ALDSS5 1542+142 2482 +26.2 211.5+22.6 296.2 +25.6
ALDS6 1324+ 159 2183+19.8 189.7+21.2 250.1 £28.3
ALDS3 1223 +£11.7 201.3+223 183.2+17.3 248.6 £ 29.6
ALDS4  1185+12.6 192.8+20.5 178.9 £ 18.3 238.7+21.1
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Discussion

The present study underlines the importance of lovastatin, an inhibitor of
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, and the sodium salt of
phenylacetic acid (NaPA), an inhibitor of mevalonate pyrophosphate decarboxylase, alone or in
combination, in stimulating the B-oxidation of lignoceric acid (Cy40) and in normalizing the
pathognomonic accumulation of saturated very long chain fatty acids (VLCFA) in cultured skin
fibroblasts of X-adrenoleukodystrophy (X-ALD) in which the ALD gene is either mutated or
deleted. The detailed mechanism leading to the decrease in the accumulation of VLCFA in
X-ALD fibroblasts is not known, but is likely through the stimulation of peroxisomal
B-oxidation of VLCFA. In light of the fact that these compounds also inhibit the induction of
proinflammatory cytokines and nitric oxide synthase in astrocytes and microglia, the ability of
lovastatin and NaPA to normalize the pathognomonic accumulation of VLCFA in skin
fibroblasts of X-ALD identify these drugs as possible therapeutics for the neuroinflammatory

disease process in X-ALD.

EXAMPLE 12
Lovastatin for X-Linked Adrenoleukodystrophy in Humans

The inventor has shown in animal studies that lovastatin, a 3-hydroxy-3-methylglutaryl
cocnzyme A reductase inhibitor, and sodium phenylacetate, an inhibitor of mevalonate
pyrophosphate decarboxylase, inhibit the induction of inducible nitric oxide synthase and
proinflammatory cytokines (tumor necrosis factor (alpha), interleukin-1(beta), and interleukin-6)
involved in the pathogenesis of neurologic damage in X-linked adrenoleukodystrophy. The
inventor has also shown that lovastatin, sodium phenylacetate, and compounds that increase
intracellular cyclic AMP and protein kinase A activity normalize the levels of very-long-chain
fatty acids in cultured skin fibroblasts from patients with childhood adrenoleukodystrophy and
adrenomyeloneuropathy.

To demonstrate lovastatin's effectiveness in treating elevated VLCFAs in human
patients, the inventor has treated seven patients from three families with lovastatin for two to
six months. The study was approved by the institutional review board at the inventor's medical

school, and the patients provided informed consent. The diagnosis was established in each case
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by clinical findings and documentation of elevated plasma levels of very-long-chain fatty acids
(C26:0) by two different laboratories. Each patient was treated with 20 mg of lovastatin per
day for two weeks; the dose was increased to 40 mg per day if no adverse effects were noted.
Plasma very-long-chain fatty acids (C26:0) were measured periodically throughout the study.
Adverse events and compliance were assessed on the basis of the patients' reports and by
periodic measurement of plasma total cholesterol, creatine kinase, aspartate aminotransferase,
and alanine aminotransferase.

One patient (Patient 4) was withdrawn from the study because of persistent diarrhea and
a marked elevation of serum creatine kinase levels. Another (Patient 5) discontinued treatment.
The inventor's results (Table 19) show that plasma levels of very-long-chain fatty acids (C26:0)
declined from their pretreatment values within one month after the initiation of lovastatin
therapy in each patient and remained low and within the normal range for up to six months in
the five patients who continued the treatment. Their lower post-treatiment cholesterol values
(Table 19) provide evidence of compliance with therapy. The short duration and small size of

the study did not allow the inventor to assess whether there was a clinical benefit.
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These results indicate that lovastatin treatment may represent a simple, safe, and

effective way to reduce the accumulated plasma very-long-chain fatty acids in adult patients

with X-linked adrenoleukodystrophy.

EXAMPLE 13
Treatment of Humans with Inhibitors of iNOS and Cytokines

The inhibitors, induction suppressors, induction enhancers, and stimulators or iNOS
and/or proinflammatory cytokines of the present invention may be used in the treatment of cells
and organisms such as mammals, including rodents and humans. These suppressors may be
used to reduce the induction of iNOS and proinflammatory cytokines, reduce the accumulation
of VLCFAs, and treat neuroinflammatory diseases such as X-linked adrenoleukodystrophy and
multiple sclerosis. As described in Example 12, lovastatin shows effectiveness in reducing the
accumulation of very-long-chain fatty acids in human X-ALD patients. Any of the various
inhibitors and/or induction suppressors described herein can be used in a human to treat any
disease or disorder wherein a undesirable amount of iNOS and/or proinflammatory cytokines is
acting to promote tissue damage. Dosages and combinations of inhibitors, suppressors, and/or
other pharmaceuticals that may be used can be determined first through an animal model of a
particular disease or disorder, and then tested in a human population. Dosages may be

optimized on an individual basis, with routine experimentation by those of skill in the art.

..............................

All of the compositions and methods disclosed and claimed herein can be made and
executed without undue experimentation in light of the present disclosure. While the
compositions and methods of this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that variations may be applied to the
compositions and methods and in the steps or in the sequence of steps of the methods described
herein without departing from the concept, spirit and scope of the invention. More specifically,
it will be apparent that certain agents which are both chemically and physiologically related
may be substituted for the agents described herein while the same or similar results would be

achieved. All such similar substitutes and modifications apparent to those skilled in the art are
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deemed to be within the spirit, scope and concept of the invention as defined by the appended

claims.
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CLAIMS:

1. A method for suppressing the induction of inducible nitric oxide synthase in a cell
comprising contacting said cell with an effective amount of at least one induction suppressor of
inducible nitric oxide synthase or a proinflammatory cytokine, wherein said induction
suppressor is selected from the group consisting of an inhibitor of mevalonate synthesis, an
inhibitor of Ras/Raf/MAP kinase pathway, an inhibitor of the farnesylation of Ras, an inhibitor
of NF-kP activation, an antioxidant, an enhancer of intracellular cAMP, an enhancer of protein

kinase A (PKA) or a stimulator of AMP-activated protein kinase.

2. The method of claim 1, wherein said induction suppressor of inducible nitric oxide
synthase is lovastatin, mevastatin, FPT inhibitor II, forskolin, rolipram, phenylacetate, N-acetyl
cysteine, PDTC, 4-phenylbutyrate (4PBA), 5-aminoimmidazole-4-carboxamide ribonucleoside

(AICAR), theophylline, papaverine, cAMP, 8-bromo-cAMP and (S)-cAMP.

3. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is an inhibitor of mevalonate synthesis.

4, The method of claim 3, wherein said inhibitor of mevalonate synthesis is an inhibitor of

HMG-CoA reductase.

5. The method of claim 4, wherein said inhibitor of HMG-CoA reductase is a stimulator of

AMP-activated protein kinase.

6. The method of claim 4, wherein said inhibitor of HIMG-CoA reductase is lovastatin or
AICAR.
7. The method of claim 1, wherein said inhibitor of inducible nitric oxide synthase is an

inhibitor of mevalonate pyrophosphate decarboxylase.

8. The method of claim 7, wherein said inhibitor of mevalonate pyrophosphate

decarboxylase is phenylacetic acid or 4-phenylbutyrate.
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9. The method of claim 3, wherein said inhibitor of mevalonate synthesis is lovastatin,
mevastatin or AICAR.
10. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is an inhibitor of farnesyl pyrophosphate, and wherein said inhibitor of farnesyl

pyrophosphate is 4-phenylbutyrate or NaPA.

11. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is an inhibitor of the farnesylation of Ras.

12 The method of claim 11, wherein said inhibitor of the farnesylation of Ras is FPT
inhibitor II.

13. The method of claim 1, wherein said one induction suppressor of inducible nitric oxide

synthase is an antioxidant.
14. The method of claim 13, wherein said antioxidant is N-acetyl cysteine or PDTC.

15. The method of claim 1, wherein said one induction suppressor of inducible nitric oxide

synthase is an enhancer of intracellular cAMP.

16. The method of claim 15, wherein said enhancer of intracellular cAMP is forskolin,
rolipram, 8-bromo-cAMP or cAMP,

17. The method of claim 15, wherein said enhancer of intracellular cAMP is an inhibitor of

cAMP phosphodiesterase.

18. The method of claim 15, wherein inhibitor of cAMP phosphodiesterase is rolipram,

theophylline, papaverine.
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19. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is an enhancer of protein kinase A.

20. The method of claim 19, wherein said enhancer of protein kinase A is forskolin,

8-Br-cAMP, cAMP or (S)-cAMP.

21. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is an inhibitor of NF-kf activation.

22. The method of claim 21, wherein said inhibitor of NF-k3 activation is AICAR,

lovastatin, mevastatin, 4-phenylbutyrate, NaPA or a derivative thereof.

23. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is an inhibitor of Ras/Raf/MAP kinase pathway.

24. The method of claim 1, wherein said inhibitor of Ras/Raf/MAP kinase pathway is
AICAR or a derivative thereof.

25. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is lovastatin or a derivative thereof.

26. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is mevastatin or a derivative thereof.

27. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is phenylacetic acid or a derivative thereof.

28. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is N-acetyl cysteine or a derivative thereof.
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29. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is PDTC or a derivative thereof.

30. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is forskolin or a derivative thereof.

31. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is cAMP or a derivative thereof.

32. The method of claim 31, wherein said cAMP derivative is 8-bromo-cAMP or
(S)-cAMP.

33. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is FPT inhibitor II or a derivative thereof.

34. The method of claim 1, further comprising suppressing the induction of a

proinflammatory cytokine.

35. The method of claim 33, wherein said proinflammatory cytokine is selected from the

group consisting of TNF-a, IL-1B, IL-6, IL-2, TL.-8 and IFN-y.

36. The method of claim 1, wherein said induction suppressor of inducible nitric oxide

synthase is formulated in a pharmaceutically acceptable vehicle.

37. The method of claim 1, wherein said therapeutic dose is administered to a mammal.
38. The method of claim 36, wherein said mammal is a human.
39. A method for suppressing the induction of inducible nitric oxide synthase in a cell

comprising contacting said cell with an effective amount of at least one induction suppressor of

inducible nitric oxide synthase, wherein said induction suppressor of inducible nitric oxide
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synthase is selected from the group consisting of lovastatin, mevastatin, FPT inhibitor II,
forskolin, rolipram, phenylacetate, N-acetyl cysteine, PDTC, 4-phenylbutyrate (4PBA),

5-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,

8-bromo-cAMP and (S)-cAMP.

40. A method of identifying a candidate induction suppressor of inducible nitric oxide
synthase inhibitor, comprising preparing a cell capable of inducible nitric oxide synthase
activity and testing said candidate induction suppressor for the ability to inhibit said inducible
nitric oxide synthase activity, wherein said candidate induction suppressor of inducible nitric
oxide synthase is an inhibitor of mevalonate synthesis, an inhibitor of Ras/Raf/MAP kinase
pathway, an inhibitor of the farnesylation of Ras, an inhibitor of NF-kp activation, an
antioxidant, an enhancer of intracellular cAMP, an enhancer of protein kinase A (PKA) or a
stimulator of AMP-activated protein kinase, and wherein said ability to inhibit said inducible
nitric oxide synthase activity is indicative of a candidate induction suppressor of inducible

nitric oxide synthase.

41. The method of claim 40, comprising the steps of :

a) obtaining a cell comprising the capability of inducible nitric oxide synthase
activity;

b) obtaining a candidate induction suppressor of inducible nitric oxide synthase;

<) admixing said cell with said candidate induction suppressor of inducible nitric

oxide synthase; and

d) determining the ability of said candidate induction suppressor of inducible nitric
oxide synthase to inhibit the formation of nitric oxide in the presence of
inducible nitric oxide synthase, wherein said inhibition of the formation of nitric
oxide in the presence of inducible nitric oxide synthase is indicative of a

candidate induction suppressor of inducible nitric oxide synthase.

42. The method of claim 41, further comprising measuring inducible nitric oxide synthase

gene product.
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43. The method of claim 42, wherein said inducible nitric oxide synthase gene product is a

mRNA message or a protein product.

44. The method of claim 41, further comprising the step of purifying the candidate

induction suppressor of inducible nitric oxide synthase.

45. The method of claim 44, wherein said purified candidate induction suppressor of

inducible nitric oxide synthase is formulated in a pharmaceutically acceptable vehicle.

46. A method of inhibiting nitric oxide cytotoxicity comprising contacting a cell capable of
producing nitric oxide with a biologically effective amount of an inducible nitric oxide synthase

induction suppressor identified by claim 40.

47. The method of claim 46, wherein said purified candidate induction suppressor of

inducible nitric oxide synthase is formulated in a pharmaceutically acceptable vehicle.

48. The method of claim 46, wherein said cell is in a mammal.
49. The method of claim 48, wherein said mammal is a human.
50. The method of claim 48, wherein said mammal is a rodent.
51. A method of suppressing the accumulation of very long chain fatty acids in a cell,

comprising administering a biologically effective amount of at least one induction suppressor of

inducible nitric oxide synthase.

52. The method of claim 51, wherein said induction suppressor of inducible nitric oxide
synthase is an inhibitor of mevalonate synthesis, an inhibitor of Ras/Raf/MAP kinase pathway,
an inhibitor of the farnesylation of Ras, an inhibitor of NF -kP activation, an antioxidant, an
enhancer of intracellular cAMP, an enhancer of protein kinase A (PKA) or a stimulator of

AMP-activated protein kinase.
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53. The method of claim 51, wherein said induction suppressor of inducible nitric oxide
synthase is selected from the group consisting of lovastatin, mevastatin, FPT inhibitor II,
forskolin, rolipram, phenylacetate, N-acetyl cysteine, PDTC, 4-phenylbutyrate (4PBA),
5-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,

8-bromo-cAMP and (S)-cAMP.

54. The method of claim 51, wherein lignoceric acid B-oxidation is stimulated.

55. The method of claim 54, wherein the amount of very long chain fatty acids in a cell is
suppressed.

56. The method of claim 51, wherein ratios of Ca6:0/Canp Or Cpy.o/Coyp fatty acids are
lowered.

57. A method of treating a nitric oxide or cytokine mediated disorder in a cell, comprising

administering a biologically effective amount of at least one induction suppressor of inducible

nitric oxide synthase.

58. The method of claim 57, wherein said induction suppressor of inducible nitric oxide
synthase is an inhibitor of mevalonate synthesis, an inhibitor of Ras/Raf/MAP kinase pathway,
an inhibitor of the farnesylation of Ras, an inhibitor of NF-kf activation, an antioxidant, an
enhancer of intracellular cAMP, an enhancer of protein kinase A (PKA) or a stimulator of

AMP-activated protein kinase.

59. The method of claim 57, wherein said induction suppressor of inducible nitric oxide
synthase is selected from the group consisting of lovastatin, mevastatin, FPT inhibitor II,
forskolin, rolipram, phenylacetate, N-acetyl cysteine, PDTC, 4-phenylbutyrate (4PBA),
5-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,
8-bromo-cAMP and (S)-cAMP.
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60. The method of claim 57, wherein said of treating a nitric oxide or cytokine mediated

disorder in a cell is a method of treating a nitric oxide mediated disorder.

61. The method of claim 57, wherein said of treating a nitric oxide or cytokine mediated

disorder in a cell is a method of treating a cytokine mediated disorder.

62. The method of claim 57, wherein said induction suppressor of inducible nitric oxide

synthase is an induction suppressor of at least one proinflammatory cytokine.

63. The method of claim 62, wherein said at least one proinflammatory cytokine is TNF-a,
IL-1B, IL-2, IL-6, IL.-8 or IFN-y.

64. The method of claim 57, wherein said nitric oxide or cytokine mediated disorder is
selected from the group consisting of myelinolytic inflammation, a demyelinating condition or

an inflammatory demyelinating disease.

65. The method of claim 64, wherein said inflammatory disease is X-ALD, multiple

sclerosis or Alzheimer's disease.

66. A method for treatment of septic shock, comprising administering a biologically

effective amount of at least one induction suppressor of inducible nitric oxide synthase.

67. The method of claim 66, wherein said induction suppressor of inducible nitric oxide
synthase is an inhibitor of mevalonate synthesis, an inhibitor of Ras/Raf/MAP kinase pathway,
an inhibitor of the farnesylation of Ras, an inhibitor of NF-kf activation, an antioxidant, an
enhancer of intracellular cAMP, an enhancer of protein kinase A (PKA) or a stimulator of

AMP-activated protein kinase.

68. The method of claim 66, wherein said induction suppressor of inducible nitric oxide
synthase is selected from the group consisting of lovastatin, mevastatin, FPT inhibitor 11,

forskolin, rolipram, phenylacetate, N-acetyl cysteine, PDTC, 4-phenylbutyrate (4PBA),
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5-aminoimmidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,

8-bromo-cAMP and (S)-cAMP.

69. A method for inhibiting apoptosis of a cell comprising contacting said cell with an

effective amount of at least one induction suppressor of inducible nitric oxide synthase.

70. The method of claim 69, wherein said induction suppressor of inducible nitric oxide
synthase an inhibitor of mevalonate synthesis, an inhibitor of Ras/Raf/MAP kinase pathway, an
inhibitor of the farnesylation of Ras, an inhibitor of NF-kP activation, an antioxidant, an
enhancer of intracellular cAMP, an enhancer of protein kinase A (PKA) or a stimulator of

AMP-activated protein kinase.

71. The method of claim 69, wherein said induction suppressor of inducible nitric oxide
synthase is selected from the group consisting of lovastatin, mevastatin, FPT inhibitor II,
forskolin, rolipram, phenylacetate, N-acetyl cysteine, PDTC, 4-phenylbutyrate (4PBA),
5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), theophylline, papaverine, cAMP,
8-bromo-cAMP and (S)-cAMP.

72. A method for enhancing the production of an inducible nitric oxide synthatase or a
proinflammatory cytokine in a cell comprising comprising providing a biologically effective
amount of a inducible nitric oxide synthatase stimulator, wherein said stimulator is a PKA

inhibitor or enhancer of intracellular cAMP.

73. The method of claim 72, wherein said PKA inhibitor is H-89, myristoylated PKI or
(R)-cAMP.

74. The method of claim 72, wherein said enhancer of intracellular cAMP is forskolin,

8-bromo-cAMP, and rolipram.

75. The method of claim 72, wherein said enhancer of intracellular cAMP is an inhibitor of

¢AMP phosphodiesterase.
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